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<g>  AROMATIC  POLYSULFONE  RESIN  HOLLOW  YARN  MEMBRANE  AND  PROCESS  FOR  MANUFACTURING  SAME. 

An  aromatic  polysulfone  resin  hollow  yarn  membrane 
of  100 µm  to  600 µm  in  membrane  thickness  having  a 
fivelayered  structure  of  an  outer  surface  layer,  outer  void 
layer,  interlayer,  inner  void  layer,  and  inner  surface  layer, 
with  the  thickness  ratio  of  the  inner  void  layer  to  the  outer 
void  layer  being  1.5  to  0.6,  the  thickness  of  the  interlayer 
being  5  11m  to  70  µm,  and  the  outer  and  inner  surface  layers 
being  extremely  thin.  This  hollow  yarn  membrane  shows 
excellent  heat  resistance,  acid  and  alkali  resistance,  chemi- 
cal  resistance,  mechanical  strength,  and  high  water  per- 
meability.  This  hollow  yarn  membrane  with  excellent  perfor- 
mance  can  be  manufactured  by  ejecting  a  polar  organic 
solvent  solution  containing  15 to 35 wt%  of  an  aromatic  poly- 
sulfone  resin  and  containing  a  glycol  through  a  cyclic  nozzle 
into  the  air  in  a  hollow  yarn  form,  with  simultaneously  pour- 
ing  an  inside-coagulating  solution  from  the  inside  of  the 
nozzle,  then  introducing  the  hollow  yarn-shaped  ejected 
product  into  a  coagulating  bath. 



FIELD  OF  THE  INVENTION 

This  i n v e n t i o n   r e l a t e s   to  an  a r o m a t i c   p o l y s u l f o n e   t y p e  

r e s i n   ho l low   f i b e r   membrane  wi th   a  nove l   s t r u c t u r e ,   which  i s  

u s e f u l   as  an  u l t r a f i l t r a t i o n   membrane  and  is  e x c e l l e n t  i n   w a t e r  

p e r m e a b i l i t y ,   m e c h a n i c a l   s t r e n g t h   and  b u r s t   s t r e n g t h ,   and  a l s o  

r e l a t e s   to  a  p r o c e s s   for   p r o d u c i n g   the  same.  More  p a r t i c u l a r l y ,  

the  p r e s e n t   i n v e n t i o n   is  c o n c e r n e d   wi th   an  a r o m a t i c   p o l y s u l f o n e  

type  r e s i n   ho l low  f i b e r   membrane  wi th   a  f i v e - l a y e r   s t r u c t u r e   o f  

an  o u t e r   s u r f a c e   l a y e r ,   an  o u t e r   void   l a y e r ,   an  i n t e r m e d i a t e  

l a y e r ,   an  i n n e r   void   l a y e r   and  an  i n n e r   s u r f a c e   l a y e r ,   which  i s  

e x c e l l e n t   in  h e a t   r e s i s t a n c e ,   a c id   r e s i s t a n c e ,   a l k a l i   r e s i s -  

t a n c e ,   c h e m i c a l s   r e s i s t a n c e   and  has  an  improved   m e c h a n i c a l  

s t r e n g t h   as  we l l   as  a  h igh   w a t e r   p e r m e a b i l i t y ,   and  a l s c   is  c o n -  

c e r n e d   wi th   a  p r o c e s s   for   p r o d u c i n g   the  s a m e .  

DESCRIPTION  OF  THE  PRIOR  ART 

There  have  h i t h e r t o   been  p u b l i s h e d   many  p a p e r s   c o n c e r n i n g  

a r o m a t i c   p o l y s u l f o n e   membranes  and  a r o m a t i c   p o l y e t h e r   s u l f o n e  

membranes ,   but   a  l i m i t e d   number  of  them  d i s c l o s e   the  s t r u c t u r e  

of  such  membranes .   A  membrane  c o m p r i s i n g   a  s u r f a c e   l a y e r   a n d  

a  void   l a y e r   as  the  s u p p o r t   l a y e r   is  d i s c l o s e d   in  the  s p e c i f i -  

c a t i o n   of  U.S.  P a t e n t   No.  3 , 6 1 5 , 0 2 4   a s s i g n e d   to  Amicon  C o r p o r a -  

t i o n   as  we l l   as  in  J o u r n a l   of  A p p l i e d   Polymer   S c i e n c e ,   2 0 ,  

2377-2394  and  2395-2306  (1976) ,   i b i d  2 1 ,   1883-1900  (1.977)  i n  

which  the  r e p o r t e r   is  Gulf  South  R e s e a r c h   I n s t i t u t e .   A  h o l l o w  



f i b e r   membrane  d i s c l o s e d   in  the  U.S.  P a t e n t   No.  3 , 6 1 5 , 0 2 4  

s p e c i f i c a t i o n   has  a  dense   s u r f a c e   l a y e r   on  the  i n n e r   s u r f a c e  

t h e r e o f   bu t   has  no  such  a  l a y e r   on  the  o u t e r   s u r f a c e   t h e r e o f .  

The  h o l l o w   f i b e r   membrane  of  t h i s   p r i o r   a r t   has  a  p l u r a l i t y   o f  

v o i d s   which  opens  at   the  o u t e r   s u r f a c e   of  the   membrane,   s a i d  

v o i d s   a re   b e i n g   d e f i n e d   by  p o r t i o n s   where  the  po lymer   is  d e f i -  

c i e n t ,   and  each  h a v i n g   a  s i z e   as  l a r g e   as  10  µm  or  more.  The  

h o l l o w   f i b e r   membrane  wi th   such  a  s t r u c t u r e   has  such  d r a w b a c k s  

t h a t :  

1  t hey   a re   poor   in  m e c h a n i c a l   s t r e n g t h ;  

2  t hey   a re   i m p o s s i b l e   to  b a c k - w a s h ;   a n d  

3  t hey   a re   l i a b l e   to  be  p l u g g e d   or  f o u l e d .  

Membranes  d i s c l o s e d   in  the  l a t t e r   were  d e v e l o p e d   for   use  a s  

s u p p o r t s   for   r e v e r s e   o smos i s   membrane,   and  each  of  the  mem- 

b r a n e s   ha s ,   in  bo th   s u r f a c e   p o r t i o n s   t h e r e o f ,   a  number  o f  
0 

p o r e s   of  250A  to  0.44  pm  in  a v e r a g e   d i a m e t e r .   The  wa t e r   p e r -  

m e a b i l i t y   of  such  membranes  is   at   most  1.3  m 3 / m 2 · d a y · a t m   a n d ,  

h e n c e ,   of  l i t t l e   p r a c t i c a l   use  in  u l t r a f i l t r a t i o n .  

Each  of  the  a r o m a t i c   p o l y s u l f o n e   h o l l o w   f i b e r   membrane  

and  the   a r o m a t i c   p o l y e t h e r   s u l f o n e   h o l l o w   f i b e r   membrane  d i s -  

c l o s e d   in  the  s p e c i f i c a t i o n   of  U.S.  P a t e n t   No.  4 , 2 8 6 , 0 1 5   has  such 

a  s t r u c t u r e   t h a t   the   membrane  c o m p r i s e s   i n n e r   and  o u t e r   s u r f a c e  

l a y e r s ,   i n n e r   and  o u t e r   vo id   l a y e r s   and  an  i n t e r m e d i a t e   l a y e r .  

However,   such  membranes  are   m e c h a n i c a l l y   weak,  and  in  a d d i t i o n ,  

each  has  a  poor  w a t e r   p e r m e a b i l i t y   b e c a u s e   the  i n t e r m e d i a t e  

l a y e r   of  the  membrane  has  a  s t r u c t u r e   i n s u f f i c i e n t   in  communi -  

c a t i o n .   F u r t h e r ,   in  t h e s e   ho l low  f i b e r   membranes ,   the  t h i c k -  

ness   r a t i o   of  the  i n n e r   vo id   l a y e r   to  the   o u t e r   void   l a y e r   i s  

l a r g e r   than   1 .5 ,   t h a t   i s ,   the   i n n e r   void   l a y e r   has  a  



t h i c k n e s s   l a r g e r   than  t h a t   of  the   o u t e r   void   l a y e r .   T h i s  

means  t h a t   the  amount  of  the  po lymer   is  r e l a t i v e l y   l a r g e   in  t h e  

o u t e r   p o r t i o n   of  the  membrane  and  r e l a t i v e l y   smal l   in  the  i n n e r  

p o r t i o n   of  the   membrane.   T h e r e f o r e ,   such  a  h o l l o w   f i b e r   mem- 

b r a n e   has  a  h igh   p e r m e a t i o n   r e s i s t a n c e   in  the  p r o x i m i t y   of  t h e  

o u t e r   s u r f a c e   t h e r e o f ,   and  f u r t h e r ,   is  poor  in  m e c h a n i c a l  

s t r e n g t h   a g a i n s t   the  p r e s s u r e   from  the  i n s i d e   of  the   m e m b r a n e .  

As  d e s c r i b e d   h e r e i n b e f o r e ,   each  of  the  c o n v e n t i o n a l   aromatic  

polysulfone  membrane  and  the  aromatic  polyether  sulfone  membrane  is  of  l i t t l e  

p r a c t i c a l   use  b e c a u s e   of  i t s   poor   m e c h a n i c a l   s t r e n g t h   and  low 

w a t e r   p e r m e a b i l i t y   and,  h e n c e ,   t h e r e   has  been  a  s t r o n g   demand  

for   d e v e l o p m e n t   of  a  h o l l o w   f i b e r   membrane  hav ing   an  i m p r o v e d  

m e c h a n i c a l   s t r e n g t h   as  we l l   as  a  h igh   w a t e r   p e r m e a b i l i t y .  

DISCLOSURE  OF  THE  PRESENT  INVENTION 

A  h o l l o w   f i b e r   membrane  a c c o r d i n g   to  the  p r e s e n t   i n v e n t i o n  

has  a  s t r u c t u r e   which  is  b a s i c a l l y   s i m i l a r   to  t h a t   of  a  h o l l o w  

f i b e r   membrane  d i s c l o s e d   in  the  s p e c i f i c a t i o n   of  U.S.  P a t e n t  

No.  4 , 2 8 6 , 0 1 5 .   However,   the   d i f f e r e n c e   of  the  ho l low   f i b e r  

membrane  of  the   p r e s e n t   i n v e n t i o n   from  the  ho l low  f i b e r   mem- 

b r ane   of  U.S.  P a t e n t   No.  4 , 2 8 6 , 0 1 5   r e s i d e s   in  i t s   s p e c i f i c  

s t r u c t u r e   in  which:   the  thicknesses  of  the  i n n e r   vo id   l a y e r   a n d  

o u t e r   void   l a y e r   are  not  so  g r e a t l y   d i f f e r e n t   from  each  o t h e r ;  

the  po lymer   amount  is  a l m o s t   u n i f o r m l y   d i s t r i b u t e d ,   t h e r e b y  

c a u s i n g   the  p e r m e a t i o n   r e s i s t a n c e   of  the   membrane  to  be  s m a l l ;  

and  t h e r e   is  formed  an  i n t e r m e d i a t e   l a y e r   which  is  s u f f i c i e n t  

in  t h i c k n e s s   and  has  a  w e l l - d e v e l o p e d   porous   s t r u c t u r e   w h e r e  

p o r e s   of  a  s u i t a b l e   a v e r a g e   d i a m e t e r   are   t h r e e - d i m e n t i o n a l l y  

commun ica t ed   w i t h   one  a n o t h e r .   The  ho l low   f i b e r   membrane  o f  



the   p r e s e n t   i n v e n t i o n   c h a r a c t e r i z e d   by  such  a  s p e c i f i c   s t r u c -  

t u r e   as  m e n t i o n e d   j u s t   above  has  a  h igh   wa t e r   p e r m e a b i l i t y   a s  

w e l l   as  an  improved   b u r s t   s t r e n g t h .  

A c c o r d i n g   to  the  p r e s e n t   i n v e n t i o n ,   t h e r e   is  p r o v i d e d   a n  

a r o m a t i c   p o l y s u l f o n e   type   r e s i n   ho l low  f i b e r   membrane  h a v i n g   a  

t h i c k n e s s   of  100  to  600  µm  and  a  f i v e - l a y e r   s t r u c t u r e   of  a n  

o u t e r   s u r f a c e   l a y e r ,   an  o u t e r   vo id   l a y e r ,   an  i n t e r m e d i a t e   l a y e r ,  

an  i n n e r   void   l a y e r   and  an  i n n e r   s u r f a c e   l a y e r   and  w h e r e i n   s a i d  

i n n e r   and  o u t e r   vo id   l a y e r s   a re   p r e s e n t   in  a  t h i c k n e s s   r a t i o   o f  

the  i n n e r   vo id   l a y e r   to  the  o u t e r   void   l a y e r   of  1.5  to  0 . 6 ,   a n d  

s a i d   i n t e r m e d i a t e   l a y e r   has  a  t h i c k n e s s   of  5  to  70  pm  and  a n  

a v e r a g e   pore   d i a m e t e r   of  0.1  to  9  µm,  s a i d   ho l low   f i b e r   mem- 

b r a n e   h a v i n g   a  c u t - o f f   m o l e c u l a r   w e i g h t   of  13 ,000  or  l e s s .  

The  p r e s e n t   i n v e n t i o n   w i l l   now  be  d e s c r i b e d   in  d e t a i l .  

As  the  a r o m a t i c   p o l y s u l f o n e   type   r e s i n   to  be  used  f o r  

forming  an  a r o m a t i c   p o l y s u l f o n e   type   r e s i n   ho l low  f i b e r   membrane, 

t h e r e   can  be  m e n t i o n e d   an  a r o m a t i c   p o l y s u l f o n e   and  an  a r o m a t i c  

p o l y e t h e r   s u l f o n e   r e s p e c t i v e l y   c o m p r i s e d   of  r e c u r r i n g   u n i t s   o f  

the   g e n e r a l   f o r m u l a e   (I)  and  ( I I )  



(whe re in   X,  X',  X",  X"',  X""and  X""'  each  i n d e p e n d e n t l y   s t a n d  

for   a  n o n - d i s s o c i a t i v e   s u b s t i t u e n t   such  as  a  lower  a l k y l   g r o u p  

s e l e c t e d   from  the  group  c o n s i s t i n g   of  m e t h y l ,   e t h y l ,   n - p r o p y l  

and  n - b u t y l   or  a  h a l o g e n   atom  s e l e c t e d   from  the  group  c o n s i s t i n g  

of  F,  Cl,  I  and  Br,  or  a  d i s s o c i a t i v e   s u b s t i t u e n t   such  a s  

-COOH,  -S03H,  -NH2  or  the  l i k e ,   and  l,  m,  n,  o,  p,  q  e a c h  

i n d e p e n d e n t l y   s t a n d   for   an  i n t e g e r   of  from  0  t o   4).  T h e s e  

a r o m a t i c   p o l y s u l f o n e   type  r e s i n s   each  preferably  have  a  number  

a v e r a g e   m o l e c u l a r   w e i g h t   of  5,000  to  100 ,000   as  d e t e r m i n e d  

a c c o r d i n g   to  the  o s m o t i c   p r e s s u r e   method.   These  a r o m a t i c  

p o l y s u l f o n e   type   r e s i n s   are   c a p a b l e   of  p r o v i d i n g   ho l low  f i b e r  

membranes  which  are  e x c e l l e n t   in  h e a t   r e s i s t a n c e ,   a c i d   r e s i s -  

t a n c e ,   a l k a l i   r e s i s t a n c e ,   c h e m i c a l s   r e s i s t a n c e   and  m e c h a n i c a l  

s t r e n g t h .  

The  h o l l o w   f i b e r   membrane  of  the  p r e s e n t   i n v e n t i o n   has  a  

f i v e - l a y e r   s t r u c t u r e ,   t h a t   i s ,   an  AoBoCBiAi-composed  f i v e -  

l a y e r   s t r u c t u r e   of  an  o u t e r   s u r f a c e   l a y e r   (Ao  l a y e r ) ,   an  o u t e r  

void   l a y e r   (Bo  l a y e r ) ,   an  i n t e r m e d i a t e   l a y e r   (C  l a y e r ) ,   a n  

.  i n n e r   void   l a y e r   (Bi  l a y e r )   and  an  i n n e r   s u r f a c e   l a y e r   (Ai  

l a y e r ) .   The  l a r g e r   the  t h i c k n e s s   of  the  ho l low  f i b e r   m e m b r a n e ,  

the  h i g h e r   the  b u r s t   s t r e n g t h   t h e r e o f ,   but   n e e d l e s s   to  s a y ,  

the  lower   the  w a t e r   p e r m e a b i l i t y .   The  t h i c k n e s s   of  the  h o l l o w  

f i b e r   of  the  p r e s e n t   i n v e n t i o n   is  in  the  r ange   o f  

a p p r o x i m a t e l y   from  100  to  600  µm,  p r e f e r a b l y   from  100  to 500 µm. 

The  o u t e r   and  i n n e r   d i a m e t e r s   of  the  ho l low  f i b e r   o f  

the  p r e s e n t   i n v e n t i o n   are  not   c r i t i c a l ,   but   g e n e r a l l y ,   i t   i s  

p r e f e r r e d   t h a t   the  o u t e r   d i a m e t e r   be  abou t   tw ice   the  i n n e r  

d i a m e t e r .   In  t h i s   r e s p e c t ,   the  p r e f e r r e d   range   of  the  o u t e r  

d i a m e t e r   of  the  ho l low  f i b e r   a c c o r d i n g   to  the  p r e s e n t  



i n v e n t i o n   is  from  a p p r o x i m a t e l y   300  to  5,000  µm. 

The  s u r f a c e   l a y e r s   of  the   ho l low   f i b e r   of  t h e  

p r e s e n t   i n v e n t i o n ,   i . e . ,   t he  Ao   l a y e r   and  the  Ai  l a y e r   a r e  

a l m o s t   the  same  wi th   r e s p e c t   to  the  s t r u c t u r e   t h e r e o f .   The  

t h i c k n e s s   of  the   Ao  l a y e r   is  a l m o s t   the  same  as  t h a t   of  t h e  

Ai  l a y e r ,   and  is   in  the  r ange   of  from  0.01  to  10  µm,  u s u a l l y  

from  1  to  4  pm.  The  o u t e r   and  i n n e r   s u r f a c e  l a y e r s   are   e a c h  

c o m p r i s e d   of  po lymer   p a r t i c l e s   l i n k e d   t o g e t h e r   in  the  form  o f  

a  s t r i n g   of  b e a d s ,   and  each  p a r t i c l e   has  a  d i a m e t e r   as  s m a l l  

as  0 .01  um  or  so.  The  gaps  be tween   a d j a c e n t   po lymer   p a r t i c l e s  

are   s m a l l   in  the   p r o x i m i t y   of  the  o u t e r   and  i n n e r   s u r f a c e s .  

This   means  the  po lymer   p a r t i c l e s   a re   p r e s e n t   very   d e n s e l y   i n  

t h a t   p o r t i o n .   However,   the   gaps  be tween   a d j a c e n t   p a r t i c l e s   a s  

w e l l   as  the  s i z e   of  each  p a r t i c l e   i n c r e a s e   p r o g r e s s i v e l y   f r o m  

the  o u t e r   and  i n n e r   s u r f a c e s   toward   the  i n t e r i o r   of  the  h o l l o w  

f iber .   Even  by  the  o b s e r v a t i o n   by  a  s c a n n i n g   e l e c t r o n   m i c r o -  

s c o p e ,   the   s u r f a c e   of  each  of  the  o u t e r   and  i n n e r  

s u r f a c e   l a y e r s   i s   so  smooth  t h a t   p o r e s   p r e s e n t   t h e r e i n   c a n n o t  

be  o b s e r v e d .   However,   the   m e a s u r e m e n t   of  the  p e r m e a t i o n   r e s i s -  

t a n c e   e f f e c t e d   by  p a s s i n g   aqueous   s o l u t i o n s   of  d e x t r a n  

m o l e c u l e s   w i th   v a r i o u s   m o l e c u l a r   w e i g h t s   or  aqueous   s o l u t i o n s  

of  v a r i o u s   p r o t e i n s   t h r o u g h   the  ho l low  f i b e r   shows  that   in  t h e  

s u r f a c e   p o r t i o n   of  each  of  the   o u t e r   and  i n n e r   s u r f a c e   l a y e r s ,  

t h e r e   a re   formed  p o r e s   h a v i n g   a  c u t - o f f   m o l e c u l a r   w e i g h t   o f  

13 ,000   or  l e s s   as  measu red   by  the  use  of  an  aqueous   s o l u t i o n  

of  a  g l o b u l a r   p r o t e i n .   The  pore  d i a m e t e r   is   supposed   to  be  i n  
0 

the  r ange   of  a p p r o x i m a t e l y   from  10  to  100A,  which  c o r r e s p o n d s  

to  the  r ange   s u i t a b l e   for   u l t r a f i l t r a t i o n .   This   means  t h a t  

the  d i a m e t e r   of  p o r e s   formed  in  the  o u t e r   and  i n n e r   s u r f a c e  



l a y e r s   is  such  t h a t   the  p r o p o r t i o n   c u t - o f f   of  d e x t r a n   m o l e c u l e s  

hav ing   an  a v e r a g e   m o l e c u l a r   w e i g h t   of  70,000  is  70%  or  m o r e .  

The  Ao  l a y e r   and  the  Ai  l a y e r   s e rve   to  s e l e c t i v e l y   p e r m e -  

a te   m o l e c u l e s   t h e r e t h r o u g h   a c c o r d i n g   to  the  s i z e   of  the  m o l e c -  

u l e s .   The  s m a l l e r   the  t h i c k n e s s   of  t h e s e   s u r f a c e   l a y e r s ,   t h e  

h i g h e r   the  w a t e r   p e r m e a b i l i t y   of  the  hol low  fiber.   S ince   t h e  

ho l low  f i b e r   of  the  p r e s e n t   i n v e n t i o n   has  two  s u r f a c e  

l a y e r s ,   i . e . ,   the   o u t e r   s u r f a c e   l a y e r   and  the  i n n e r   s u r f a c e  

l a y e r ,   a  l e a k a g e   of  m o l e c u l e s   which  must  be  c u t - o f f   can  b e  

p r e v e n t e d   even  when  one  of  t h e s e   two  l a y e r s   a c c i d e n t a l l y   b e -  

comes  d e f e c t i v e .   A c c o r d i n g l y ,   by  the  use  of  a  ho l low   f i b e r  

of  the  p r e s e n t   i n v e n t i o n   which  p o s s e s s e s   two  s u r f a c e  

l a y e r s ,   c o n t r a r y   to  the  case   where  a  c o n v e n t i o n a l   ho l low   f i b e r  

hav ing   on ly   one  s u r f a c e   l a y e r   is  employed ,   a  s a f e r  

o p e r a t i o n   is  e n s u r e d ,   and  f u r t h e r ,   a  c u t - o f f   m o l e c u l a r   w e i g h t  

becomes  s h a r p .  

A  l a r g e   number  uf  vo ids   are  p r e s e n t   at  the  p o r t i o n   c o n -  

t i g u o u s   to  the  Ai  l a y e r .   The  v o i d s   are  p o r t i o n s   where  a  p o l y m e r  

is  d e f i c i e n t ,   and  each  void   has  a  shape  of  a  cone.   In  a  c r o s s  

s e c t i o n   of  the  ho l low  f i b e r ,   the  vo ids   each  show  a  

l o n g i t u d i n a l   s e c t i o n   of  a  s l e n d e r   cone  s t r a i g h t l y   e x t e n d i n g  

in  a  r a d i a l   d i r e c t i o n   of  the  c r o s s   s e c t i o n   of  the  h o l l o w  

f i b e r ,   and  hence ,   the  vo ids   each  have  an  a l m o s t   c i r c u l a r  

shape  in  a  l o n g i t u d i n a l   s e c t i o n   of  the  ho l low  f i b e r .  

All  of  the  v o i d s   p r e s e n t   at   the  p o r t i o n   c o n t i g u o u s   to  the  A i  

l a y e r   have  t h e i r   r e s p e c t i v e   apexes   p o i n t i n g   toward   the  Ai  

l a y e r .   The  vo ids   each  have  a  d i a m e t e r   g r a d u a l l y   i n c r e a s e d   t o  

the  end  p o r t i o n   o p p o s i t e   to  the  apex,   which  end  p o r t i o n   is  - 

p r e s e n t   on  the  s ide   of  the  i n t e r i o r   of  the  ho l low   f i b e r ,   and  t h e  



o p p o s i t e   end  of  each  void   to  the  apex  is  e n c l o s e d   wi th   a n  

a r c k e d   w a l l .   The  o b s e r v a t i o n   of  the   e n t i r e   c r o s s   s e c t i o n   o f  

the  h o l l o w   f i b e r   shows  t h a t   the   v o i d s ,   as  a  w h o l e ,  

form  an  a n n u l u s   h a v i n g   an  a l m o s t   u n i f o r m   t h i c k n e s s   and  t h e  

a n n u l u s   s u r r o u n d s   the  Ai  l a y e r .   The  a n n u l u s   formed  of  s u c h  

v o i d s   is   h e r e i n   r e f e r r e d   to  as  a  vo id   l a y e r   (Bi  l a y e r ) .   A 

l a r g e   number  of  v o i d s   each  h a v i n g   a  s i m i l a r   shape  to  t h a t   o f  

the  vo id   as  m e n t i o n e d   j u s t   above  a re   p r e s e n t   s e p a r a t e l y   a n d  

l o c a t e d   a t   a  p o r t i o n   c o n t i g u o u s   to  the  Ao  l a y e r ,   t h e r e b y   f o r m -  

ing  a n o t h e r   vo id   l a y e r   (Bo  l a y e r ) .   In  t h i s   void   l a y e r ,  

a l l   of  the  v o i d s   have  t h e i r   r e s p e c t i v e   apexes   p o i n t i n g  

toward   the   Ao  l a y e r .   The  t h i c k n e s s   of  each  void   l a y e r   i s  

o b t a i n e d   by  u s i n g   a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   s h o w i n g  

the  en t i r e   cross  section  of  the  hollow  f iber ,   which  cross  section  is  t aken  

a l o n g   the   p l a n e   p e r p e n d i c u l a r   to  the  f i b e r   a x i s .   In  such  a  

p h o t o g r a p h ,   the  t h i c k n e s s   of  the   vo id   l a y e r   is  d e f i n e d   as  a  

d i s t a n c e   be tween   a  p o i n t   at   which  a  s t r a i g h t   l i n e   drawn  f r o m  

the  c e n t e r   of  the   c r o s s   s e c t i o n   of  the   h o l l o w   f i b e r   in  a  

r a d i a l   d i r e c t i o n   t h e r e o f   i n t e r s e c t s   the   i n n e r   p e r i p h e r y   of  t h e  

a n n u l u s   and  a n o t h e r   p o i n t   at   which  the   same  s t r a i g h t   l i n e   a s  

m e n t i o n e d   j u s t   above  i n t e r s e c t s   the  o u t e r   p e r i p h e r y   of  s a i d  

a n n u l u s .   The  i n n e r   and  o u t e r   p e r i p h e r i e s   as  m e n t i o n e d   a b o v e  

are   d e t e r m i n e d   as  f o l l o w s .   F i r s t ,   d e t e r m i n a t i o n   of  the  o u t e r  

p e r i p h e r y   of  the   Bi  l a y e r   is   e x p l a i n e d .   Use  is  made  of  a  

s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (x  50  to  300  m a g n i f i -  

c a t i o n )   of  the   e n t i r e   c r o s s   s e c t i o n   of  a  h o l l o w   f i b e r  

of  the  p r e s e n t   i n v e n t i o n .   From  the  c e n t e r   of  a  c r o s s  

s e c t i o n   of  the  c e n t r a l   bore   of  the   h o l l o w   f i b e r ,   s ix   l i n e s   a r e  

drawn,   at   a n g u l a r   i n t e r v a l s   of  60°,   in  r a d i a l   d i r e c t i o n s ,  



t h e r e b y   to  form  s ix   f r a c t i o n s .   Among  the  vo ids   p r e s e n t   in  e a c h  

of  s a id   s ix   f r a c t i o n s ,   s e l e c t e d   is  a  void   e x t e n d i n g   most  d e e p l y  

i n t o   the  i n t e r i o r   of  the  hollow  f iber .   Then,  a  d i s t a n c e   b e t w e e n  

the  c e n t e r   of  the   c r o s s   s e c t i o n   of  the  c e n t r a l   bore  of  t h e  

h o l l o w   f i b e r   and  the  o p p o s i t e   end  of  s a id   void   to  the  apex  i s  

m e a s u r e d .   As  a  r e s u l t ,   s ix   v a l u e s   in  t o t a l   wi th   r e s p e c t   t o  

the  a b o v e - d e f i n e d   d i s t a n c e   are  o b t a i n e d .   Next,   a n o t h e r   s e t   o f  

s ix   f r a c t i o n s   is  formed  by  s h i f t i n g   the  phase   of  each  f r a c t i o n  

formed  above  by  20°  in  a  c l o c k w i s e   d i r e c t i o n .   The  same  d i s -  

t a n c e   m e a s u r e m e n t   as  m e n t i o n e d   above  is  r e p e a t e d ,   t h e r e b y   t o  

o b t a i n   a n o t h e r   se t   of  s ix   v a l u e s .   F u r t h e r ,   the  phase   o f  e a c h  

of  the  s ix   f r a c t i o n s   o b t a i n e d   in  the  second   a t t e m p t   is  s h i f t e d  

a g a i n   by  20°  in  a  c l o c k w i s e   d i r e c t i o n ,   and  s ix   v a l u e s   a r e  

o b t a i n e d   in  the  same  manner  as  m e n t i o n e d   h e r e i n a b o v e .   I n  

grand  t o t a l ,   e i g h t e e n   v a l u e s   are  o b t a i n e d .   The  a r i t h m e t i c a l  

a v e r a g e   of  the   thus   o b t a i n e d   e i g h t e e n   v a l u e s   is  o b t a i n e d .  

Then,  a  c i r c l e   h a v i n g   a  r a d i u s   of  a  l e n g t h   c o r r e s p o n d i n g   t o  

the  a b o v e - o b t a i n e d   a v e r a g e   va lue   is  drawn  around  the  c e n t e r  

of  the  c r o s s   s e c t i o n   of  the  c e n t r a l   bore   of  the  h o l l o w  

f i b e r   shown  in  the  e l e c t r o n   m i c r o p h o t o g r a p h .   The  o u t e r  

p e r i p h e r y   of  the  Bi  l a y e r   is  d e f i n e d   as  the  c i r c l e   thus   o b -  

t a i n e d .   The  i n n e r   p e r i p h e r y   of  the   Bo  l a y e r   is  d e t e r m i n e d   b y  

the  s i m i l a r   p r o c e s s   as  m e n t i o n e d   above .   The  i n n e r   p e r i p h e r y  

of  the  Bi  l a y e r   is  e x p r e s s e d   as  the  bounda ry   l i n e   be tween   t h e  

Bi  l a y e r   and  the  Ai  l a y e r ,   and  the  o u t e r   p e r i p h e r y   of  the  Bo 

l a y e r   is  e x p r e s s e d   as  the  bounda ry   l i n e   be tween   the  Bo  l a y e r  

and  the  Ao  l a y e r .   These  bounda ry   l i n e s   are  c l e a r  a n d ,   h e n c e ,  

can  be  e a s i l y   d i s c r i m i n a t e d .   A c c o r d i n g   to  the  p r e s e n t   i n v e n -  

t i o n ,   the  i n n e r   and  o u t e r   void  l a y e r s   r e s p e c t i v e l y   have  a  



t h i c k n e s s   of  10  to  370  µm.  The  t h i c k n e s s e s   of  the  void   l a y e r s  

occupy  a  main  p a r t   of  the  e n t i r e   t h i c k n e s s   of  the  ho l low   f i b e r .  

I f   the  vo id   l a y e r s   are  too  t h i c k ,   the   ho l low   f i b e r  

becomes  poor   in  b u r s t   s t r e n g t h .   The  ho l low  f i b e r   o f  

the  p r e s e n t   i n v e n t i o n   is   e x c e l l e n t   in  b u r s t   s t r e n g t h   due  t o  

the  p r e s e n c e   of  an  i n t e r m e d i a t e   l a y e r .   Each  of  the  v o i d s  

p r e s e n t   in  the  i n n e r   and  o u t e r   vo id   l a y e r s   has  a  l e n g t h  

l a r g e r   in  a  r a d i a l   d i r e c t i o n   of  the   ho l low  f i b e r   t h a n  

in  a  d i r e c t i o n   p e r p e n d i c u l a r   to  s a i d   r a d i a l   d i r e c t i o n   a n d ,  

h e n c e ,   the   vo id   l a y e r   can  a l l o w   the  l i q u i d   to  pass   t h e r e t h r o u g h  

p r o m p t l y   w i t h o u t   any  r e s i s t a n c e .   Due  to  such  a  f u n c t i o n   o f  

the  vo id   l a y e r s ,   the  l i q u i d   f l o w i n g   i n t o   one  s u r f a c e   l a y e r   o f  

the   p r e s e n t   h o l l o w   f i b e r   membrane  is  a b l e   to  r e a c h   the  i n t e r -  

m e d i a t e   l a y e r   s m o o t h l y ,  a n d   the  l i q u i d   f l o w i n g   out   of  the  i n t e r -  

m e d i a t e   l a y e r   is  a b l e   to  r e a c h   the  o t h e r   s u r f a c e   l a y e r   s m o o t h l y ,  

thereby  causing  the  water  permeabil i ty   of  the  hollow  fiber  membrane  to  be  h igh .  

A c c o r d i n g l y ,   i t   can  be  s a i d   t h a t   the   Bo  l a y e r   and  the  Bi  l a y e r  

much  c o n t r i b u t e   to  the  improvemen t   not   only   in  m e c h a n i c a l  

s t r e n g t h   but   a l s o   in  wa t e r   p e r m e a b i l i t y   of  the  ho l low  f i b e r  

m e m b r a n e .  

A  l a r g e   number  of  Cp  p o r e s   (which  w i l l   be  m e n t i o n e d   l a t e r }  

are   p r e s e n t   in  the  i n n e r   wa l l   of  the   v o i d .  

I t   is  p r e f e r r e d   t h a t   the   t h i c k n e s s   r a t i o   of  the   Bi  l a y e r  

to  the   Bo  l a y e r   be  c l o s e   to  1.  A c c o r d i n g l y ,   i t   is  p r e f e r r e d  

t h a t   the   i n t e r m e d i a t e   l a y e r   be  l o c a t e d   at   a  p o r t i o n   a p p r o x i m -  

a t e l y   e q u i d i s t a n t   from  the  o u t e r   and  i n n e r   s u r f a c e s   of  t h e  

hollow  f iber .   When the  t h i c k n e s s   of  the   Bi  l a y e r   is  l a r g e l y  

d i f f e r e n t   from  t h a t   of  the  Bo  l a y e r ,   the  ho l low  f i b e r   membrane  

becomes  poor  in  b u r s t   s t r e n g t h   as  we l l   as  in  mechanical  s t r e n g t h  



and,  in  a d d i t i o n ,   the  void   l a y e r   h a v i n g   a  r e l a t i v e l y   l a r g e  

t h i c k n e s s   is  u n f a v a r a b l y   apt   to  unde rgo   c o m p a c t i o n   p h e n o m e n o n .  

I t   is  p r e f e r r e d   t h a t   the   t h i c k n e s s   r a t i o   of  the   i n n e r   void  l a y e r  

to  the  o u t e r   vo id   l a y e r   ( l B i / l B o   r a t i o )   ( h e r e i n a f t e r   a b b r e v i -  

a t e d   as  the  i n n e r   void   l a y e r - t o - o u t e r   void  l a y e r   r a t i o )   be  1 . 5  

to  0 .6 .   When  t h i s   r a t i o   e x c e e d s   1 .5 ,   not   only   the  m e c h a n i c a l  

s t r e n g t h   of  the   h o l l o w   f i b e r   membrane  is  m a r k e d l y   r e d u c e d   b u t  

a l s o   the  wa t e r   p e r m e a b i l i t y   t h e r e o f   is  l o w e r e d .   On  the  o t h e r  

hand,   i f   such  a  r a t i o   is  l e s s   than   0 .6 ,   the   wa te r   p e r m e a b i l i t y  

of  the  h o l l o w   f i b e r   membrane  is  so  poor  t h a t   the  h o l l o w   f i b e r  

membrane  c a n n o t   w i t h s t a n d   a  p r a c t i c a l   u s e .  

The  h o l l o w   f i b e r   a c c o r d i n g   to  the  p r e s e n t   i n v e n -  

t i o n   p o s s e s s e s   an  i n t e r m e d i a t e   l a y e r   (C  l a y e r ) .   The  i n t e r -  

m e d i a t e   l a y e r   (C  l a y e r )   means  a  l a y e r   d e f i n e d   by  the   v o i d s  

p r e s e n t   in  the  Bi  l a y e r   and  the  v o i d s   p r e s e n t   in  the  Bo  l a y e r .  

The  t h i c k n e s s   of  the   C  l a y e r   is  d e f i n e d   as  the  t h i c k n e s s   of  t h e  

t h i n n e s t   p o r t i o n   of  t h a t   l a y e r ,   and  i t   is  u s u a l l y   in  the  r a n g e  

of  from  5  to  70  pm.  The  t h i c k n e s s  o f   the  C  l a y e r   is  m e a s u r e d  

by  the   use  of  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (X  50  t o  

3,000  m a g n i f i c a t i o n )   showing  an  e n t i r e   c r o s s   s e c t i o n   of  t h e  

hollow  f iber ,   which  cross  section  is  taken  along  the  plane  perpendicular   t o  

the  a x i a l   d i r e c t i o n   of  the   ho l low  f i b e r .   The  C  l a y e r  

is  a  po lymer   l a y e r   wi th   a  ne twork   s t r u c t u r e   in  which  the  Cp 

p o r e s   are  d e v e l o p e d   and  t h r e e - d i m e n t i o n a l l y   w e l l - c o m m u n i c a t e d  

one  a n o t h e r .   In  the  C  l a y e r ,   the  po lymer   p a r t i c l e s   are  l i n k e d  

t o g e t h e r   f i r m l y   and  t h r e e - d i m e n t i o n a l l y ,   thus   c a u s i n g   a  

r e m a r k a b l e   improvemen t   in  m e c h a n i c a l   p r o p e r t i e s   of  the  h o l l o w  f i b e r  

such  as  b u r s t   s t r e n g t h ,   c o m p r e s s i o n   s t r e n g t h   and  t e n s i l e  

s t r e n g t h .   The  a v e r a g e   d i a m e t e r   of  the  Cp  pores   is  r a n g i n g   f r o m  



0.1  to  9  pm.  The  t h i c k n e s s   of  the   C  l a y e r   is  in  the   range   of  5 

to  70  pm,  which  is  much  l a r g e r   than   t h a t   of  the   Ao  l a y e r   a n d  

the   Ai  l a y e r .   Apa r t   from  the  v o i d s ,   the   Cp  p o r e s   p r e s e n t   i n  

the   h o l l o w   f i b e r   membrane  of  the  p r e s e n t   i n v e n t i o n   are   t h e  

p o r e s   which  a re   communica t ed   one  a n o t h e r ,   and  the  s i z e   t h e r e o f  

i n c r e a s e s   g r a d u a l l y   from  the  i n n e r   and  o u t e r   s u r f a c e s   of  t h e  

membrane  t oward   the   i n t e r i o r   t h e r e o f ,   and  becomes  maximum  i n  

the   C  l a y e r   which  is  l o c a t e d   a t   a  p o r t i o n   e q u i d i s t a n t   from  t h e  

bo th   s u r f a c e s   of  the  membrane.   A c c o r d i n g l y ,   i t   can  be  s a i d  

that   the  high  water  permeabi l i ty   of  the  hollow  f iber  membrane  can  be  ensured 

by  the   p r e s e n c e   of  the   C  l a y e r   a l s o .   However,   the   p e r m e a t i o n  

r e s i s t a n c e   of  the   C  l a y e r   is   r e l a t i v e l y   h igh   as  compared  w i t h  

t h o s e   of  the   B  l a y e r s ,   so  i t   c a n n o t   be  a v o i d e d   t h a t   the   w a t e r  

p e r m e a b i l i t y   of  the   h o l l o w   f i b e r   membrane  decreases  p ropor t iona l ly   w i th  

the   i n c r e a s e   in  t h i c k n e s s   of  the   C  l a y e r .   When  the   t h i c k n e s s  

of  the   C  l a y e r   e x c e e d s   70  µm,  the  h o l l o w   f i b e r   membrane  has  a  

w a t e r   p e r m e a b i l i t y   as  sma l l   as  l e s s   than   3  m 3 / m 2 · d a y · a t m .  

On  the   o t h e r   hand,   the   t h i c k n e s s   of  the  C  l a y e r   has  a  g r e a t  

i n f l u e n c e   on  the  b u r s t   s t r e n g t h   of  the   ho l low   f i b e r   m e m b r a n e .  

S p e c i f i c a l l y ,   when  the  t h i c k n e s s   of  the   C  l a y e r   is  l e s s   t han   5 

pm,  the   h o l l o w   f i b e r   membrane  has  a  b u r s t   s t r e n g t h   of  l e s s   t h a n  

15  kg/cm2.   The  h o l l o w   f i b e r   membrane  hav ing   a  b u r s t  

s t r e n g t h   as  smal l   as  l e s s   than   15  kg/cm2  c a n n o t   w i t h s t a n d   a  

c o n t i n u o u s   o p e r a t i o n   e f f e c t e d   fo r   a  long  p e r i o d   of  t i m e .  

As  is  a p p a r e n t   from  the  d e f i n i t i o n   of  the  t h i c k n e s s   g i v e n  

wi th   r e s p e c t   to  each  of  the  Ai,  Bi,  C,  Bo  and  Ao  l a y e r s   a s  

m e n t i o n e d   above ,   the   t o t a l   of  the  t h i c k n e s s   of  each  l a y e r   i s  

not   a lways   i d e n t i c a l   wi th   the  whole  membrane  t h i c k n e s s   of  t h e  

h o l l o w   f i b e r .  



A  s i n g l e   u n i t   of  the  Cp  pore  s t r u c t u r e   of  the  i n t e r m e d i a t e  

l a y e r   of  a  h o l l o w   f i b e r   membrane  of  the  p r e s e n t   i n v e n t i o n   i s  

d i a g r a m a t i c a l l y   i l l u s t r a t e d   in  F ig .   16  and  d e s i g n a t e d   as  (A) ,  

shown  in  c o m p a r i s o n   wi th   t h a t   of  a  c o n v e n t i o n a l   h o l l o w   f i b e r  

membrane  (B).  As  is  shown  in  F ig .   1 6 - ( A ) ,   in  the  i n t e r m e d i a t e  

l a y e r   of  the  h o l l o w   f i b e r   of  the   p r e s e n t   i n v e n t i o n ,  

the   t h r e e - d i m e n t i o n a l   c o m m u n i c a t i o n   of  the  Cp  po re s   is  g r e a t l y  

improved ,   as  compared   wi th   the  case   of  the  c o n v e n t i o n a l   h o l l o w  

f i b e r   shown  in  F ig .   1 6 - ( B ) .   A c c o r d i n g l y ,   in  the  c a s e  

of  the   i n t e r m e d i a t e   l a y e r   of  the  h o l l o w   f i b e r   membrane  of  t h e  

p r e s e n t   i n v e n t i o n ,   the  p e r m e a t i o n   l i q u i d   f l o w i n g   t h e r e i n t o   i n  

the  d i r e c t i o n   i n d i c a t e d   by  an  a r row  shown  in  Fig .   16-(A)  c a n  

f low  out   from  e v e r y   o p e n i n g   ( f i v e   Cp  p o r e s )   formed  in  the  c u b i c  

s t r u c t u r e .   On  the  c o n t r a r y ,   the   l i q u i d   f l o w i n g   i n to   t h e  

i n t e r m e d i a t e   l a y e r   of  the  c o n v e n t i o n a l   h o l l o w   f i b e r   as  shown 

in  F ig .   16-(B)  can  f low  out  m e r e l y   from  the  l i m i t e d   Cp  p o r e s  

b e c a u s e   the  Cp  p o r e s   formed  t h e r e i n   are  not   w e l l - c o m m u n i c a t e d  

one  a n o t h e r .   Due  to  the  p r e s e n c e   of  the  Cp  pores   which  a r e  

t h r e e - d i m e n t i o n a l l y   w e l l - c o m m u n i c a t e d   one  a n o t h e r ,   the  i n t e r -  

m e d i a t e   l a y e r   of  the   h o l l o w   f i b e r   membrane  of  the  p r e s e n t  

i n v e n t i o n   has  an  e x t r e m e l y   low  p e r m e a t i o n   r e s i s t a n c e .  

P r o p e r t i e s   and  f u n c t i o n s   of  each  of  the  f i v e   l a y e r s   of  t h e  

h o l l o w   f i b e r   are   r o u g h l y   e x p l a i n e d   h e r e i n a b o v e .  

R e f e r r i n g   now  to  the  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h s   s h o w i n g  

c r o s s   s e c t i o n s   of  the  ho l low   f i b e r   membranes  o b t a i n e d   i n  

Examples ,   the  h o l l o w   f i b e r   of  the  p r e s e n t   i n v e n t i o n  

w i l l   be  i l l u s t r a t e d   in  d e t a i l .  

Fig.   1  is  a  s c h e m a t i c   d i a g r a m   of  a  c r o s s   s e c t i o n   of  a  

h o l l o w   f i b e r   membrane  of  the  p r e s e n t   i n v e n t i o n   in  which  t h e  

Ao,  Bo,  C,  Bi  and  Ai  l a y e r s   are   i l l u s t r a t e d .  



Fig .   2  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (  x  82 

m a g n i f i c a t i o n )   of  a  f r e e z e - b r o k e n   e n t i r e   c r o s s   s e c t i o n   of  a  

h o l l o w   f i b e r   membrane  of  the   p r e s e n t   i n v e n t i o n   o b t a i n e d   i n  

Example  1  which  w i l l   be  g i v e n   l a t e r ,   s a id   c r o s s   s e c t i o n   b e i n g  

t a k e n   a l ong   the  p l a n e   p e r p e n d i c u l a r   to  the  f i b e r   ax i s   of  s a i d  

m e m b r a n e .  

F ig .   3  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (  x  330 

m a g n i f i c a t i o n )   showing  an  e n l a r g e d   view  of  a  p o r t i o n   of  t h e  

c r o s s   s e c t i o n   shown  in  F ig .   2 .  

F ig .   4  is   a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (  x  1 , 4 0 0  

m a g n i f i c a t i o n )   showing  an  e n l a r g e d   view  of  a  p o r t i o n   of  t h e  

c r o s s   s e c t i o n   shown  in  Fig .   2,  which  p o r t i o n   i n c l u d e s   p a r t   o f  

each  of  the   Ai  l a y e r   and  the  Bi  l a y e r .  

F ig .   5  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (  x  1 4 , 0 0 0  

m a g n i f i c a t i o n )   of  a  p o r t i o n   of  the   c r o s s   s e c t i o n   shown  i n  

F ig .   2,  which  p o r t i o n   i n c l u d e s   p a r t   of  the   i n n e r   s u r f a c e   l a y e r ,  

i . e . ,   the   Ai  l a y e r .  

F ig .   6  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (  x  1 4 , 0 0 0  

m a g n i f i c a t i o n   of  a  p o r t i o n   of  the  c r o s s   s e c t i o n   shown  in  F ig .   2 ,  

which  p o r t i o n   i n c l u d e s   p a r t   of  the  o u t e r   s u r f a c e   l a y e r ,   i . e . ,  

the   Ao  l a y e r .  

F ig .   7  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (  x  190 

m a g n i f i c a t i o n )   of  a  p o r t i o n   of  the   f r e e z e - b r o k e n ,   o b l i q u e  

c r o s s   s e c t i o n   of  a  h o l l o w   f i b e r   of  t h e   p r e s e n t   i n v e n -  

t i o n   o b t a i n e d   in  Example  1  which  w i l l   be  g iven   l a t e r ,   s a i d  

p o r t i o n   c o r r e s p o n d i n g   to  the  e n c i r c l e d   p o r t i o n   of  a  d i a g r a m  

g iven   below  the  p h o t o g r a p h .   The  m i c r o p h o t o g r a p h   shows  t h e  

arrangement  of  voids  in  the  outer  void  layer,  from  which  i t   i s  

c l e a r l y   o b s e r v e d   t h a t   the   d i a m e t e r   of  the   Cp  po re s   i n c r e a s e s  



g r a d u a l l y   from  the  o u t e r   s u r f a c e   of  the  membrane  toward   t h e  

i n t e r i o r   t h e r e o f ,   and  from  which  the  f e n s i t y   of  Cp  p o r e s  

p r e s e n t   in  the  o u t e r   void   l a y e r   is  c l e a r l y   o b s e r v e d .  

Fig .   8  is  a  s c a n n i n g   e l e c t r o n   m i e r o p h o t o g r a p h   (  x  1 , 4 0 0  

m a g n i f i c a t i o n   of  a  p o r t i o n   of  the  c rcss   s e c t i o n   shown  i n  

Fig .   2,  which  p o r t i o n   i n c l u d e s   p a r t   of  the  i n t e r m e d i a t e   l a y e r  

(C  l a y e r ) .  

F ig .   9  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (  x  1 4 , 0 0 0  

m a g n i f i c a t i o n )   showing  an  e n l a r g e d   view  of  the  i n t e r m e d i a t e  

l a y e r   (C  l a y e r )   shown  in  Fig.   8.  F r o m  t h i s   m i c r o p h o t o g r a p h ,   i t  

can  be  o b s e r v e d   t h a t   the  Cp  p o r e s   p r e s e n t   in  the  C  l a y e r   a r e  

t h r e e - d i m e n t i o n a l l y   w e l l - c o m m u n i c a t e d   one  a n o t h e r ,   and  a l s o  

can  be  u n d e r s t o o d   t h a t   the  C  l a y e r   has  a  t h r e e - d i m e n t i o n a l l y -  

d e v e l o p e d   n e t w o r k   s t r u c t u r e .  

A  h o l l o w   f i b e r   of  the  p r e s e n t   i n v e n t i o n   which  i s  

s i m i l a r   to  t h a t   shown  in  F i g s .   2  to  9  was  examined  wi th   r e s p e c t  

to  the  t h i c k n e s s   of  each  l a y e r   and  the  a v e r a g e   d i a m e t e r   o f  

p o r e s   p r e s e n t   in  each  l a y e r   and  the  t h i c k n e s s   and  the  o u t e r  

d i a m e t e r   of  the  m e m b r a n e .  

(the  a v e r a g e   pore   diameter  of  each  of  the  Bo  and  Bi  l a y e r s   was 

o b t a i n e d   by  m e a s u r i n g   the  d i a m e t e r s   of  Cp  pores   which  p r e s e n t  



be tween   the   v o i d s   in  each  vo id   l a y e r   by  means  of  a  s c a n n i n g  

e l e c t r o n   m i c r o p h o t o g r a p h . )  

F ig .   10  is  composed  of  c u r v e s   showing  the  r e l a t i o n s h i p  

be tween   the  r a d i u s   of  the   Cp  pore   and  the  d i s t a n c e   from  t h e  

i n n e r   s u r f a c e   of  a  h o l l o w   f i b e r .   The  d a t a   from  which  the  c u r v e s  

were  formed  were  o b t a i n e d   on  two  h o l l o w   f i b e r s   each  p r e p a r e d  

in  Example  1  as  w i l l   be  g iven   l a t e r .   I t   can  be  o b s e r v e d   f r o m  

F ig .   10  t h a t   the   r a d i u s   of  the   Cp  pore   i n c r e a s e s   g r a d u a l l y   f r o m  

the  i n n e r   s u r f a c e   and  o u t e r   s u r f a c e   of  the   hollow  f i b e r  t o w a r d  t h e  

i n t e r i o r   t h e r e o f .   A  p r o c e s s   fo r   p r o d u c i n g   a  ho l low   f i b e r  

of  the  p r e s e n t   i n v e n t i o n   w i l l   be  m e n t i o n e d   l a t e r ,   but   i n  

Fig .   10,  a  cu rve   -0 -   was  o b t a i n e d   from  the  d a t a   on  a  h o l l o w   f i b e r  

membrane  o b t a i n e d   by  u s i n g   a  s p i n n i n g   s o l u t i o n   of  17.0  wt  %  i n  

po lymer   c o n c e n t r a t i o n ,   and  a  c u r v e - x - w a s   o b t a i n e d   from  t h e  

d a t a   on  a  h o l l o w   f i b e r   membrane  o b t a i n e d   by  u s i n g   a  s p i n n i n g  

s o l u t i o n   of  20.0  wt %  in  po lymer   c o n c e n t r a t i o n .   From  Fig .   1 0 ,  

i t   can  be  c l e a r l y   u n d e r s t o o d   t h a t   the  d i a m e t e r   of  the   Cp  p o r e  

p r e s e n t   in  the  h o l l o w   f i b e r   membrane  o b t a i n e d   from  the  s p i n n i n g  

s o l u t i o n   wi th   a  h i g h e r   po lymer   c o n c e n t r a t i o n ,   i . e . ,   20  wt %  i s  

s m a l l e r   than   t h a t   of  the   Cp  pore   p r e s e n t   in  the  h o l l o w   f i b e r  

_membrane  o b t a i n e d   from  the  s p i n n i n g   s o l u t i o n   wi th   a  lower   p o l y m e r  

c o n c e n t r a t i o n .   F u r t h e r ,   i t   can  a l so   be  u n d e r s t o o d   t h a t   in  t h e  

fo rmer   h o l l o w   f i b e r   membrane,   t h e r e   are   formed  s m a l l e r   Cp  p o r e s  

wi th   a  h i g h e r   d e n s i t y   than   in  the  l a t t e r .   T h e r e f o r e ,   t h e  

m e c h a n i c a l   s t r e n g t h   of  the  membrane  becomes  h igh   wi th   the  i n c r e a s e  

in  po lymer   c o n c e n t r a t i o n   of  a  s p i n n i n g   s o l u t i o n .  

F ig .   11  is  composed  of  g r a p h s   showing  the  r e l a t i o n s h i p  

be tween   the  wa te r   p e r m e a b i l i t y   and  the  membrane  t h i c k n e s s .   The 



graphs  were  obtained  from  the  data  on  aromatic  polysulfone  hollow  f i b e r s  

wi th   v a r i o u s   t h i c k n e s s e s   o b t a i n e d   by  the  process  of  the  p r e s e n t  

i n v e n t i o n   and  on  a r o m a t i c   p o l y s u l f o n e   ho l low  f i b e r s   wi th   v a r i o u s  

t h i c k n e s s e s   o b t a i n e d   in  the  C o m p a r a t i v e   Example.   In Fig.  11,  the  

curve   -o -   was  o b t a i n e d   from  the  d a t a   on  a  ho l low  f i b e r   o b t a i n e d  

from  a  s p i n n i n g   s o l u t i o n   hav ing   a  po lymer   c o n c e t r a t i o n   of  2 0 . 0  

wt  %,  and  the  curve   -Δ-  was  o b t a i n e d   from  the  da ta   on  a  h o l l o w  

f i b e r   o b t a i n e d   from  a  s p i n n i n g   s o l u t i o n   hav ing   a  po lymer   c o n -  

c e n t r a t i o n   of  15.0  wt  %.  The  a b o v e - m e n t i o n e d   two  ho l low   f i b e r s  

are   o b t a i n e d   a c c o r d i n g   to  the  p r o c e s s   of  the  p r e s e n t   i n v e n t i o n .  

On  the  o t h e r   hand,   the  curve   - • -   was  o b t a i n e d   from  the  d a t a   on  

a  c o m p a r a t i v e   ho l low   f i b e r   o b t a i n e d   by  u s ing   a  s p i n n i n g  

s o l u t i o n   hav ing   a  po lymer   c o n c e n t r a t i o n   of  15.0  wt  %  and  c o n -  

t a i n i n g   t h e r e i n   no  g l y c o l .  

F ig .   12  is  a  g raph   showing  the  r e l a t i o n s h i p   b e t w e e n  

the  wa t e r   p e r m e a b i l i t y   and  the  membrane  t h i c k n e s s .   The  g r a p h  

was  o b t a i n e d   from  the  d a t a   on  a r o m a t i c   p o l y e t h e r   s u l f o n e   hollow 

f i b e r s   of  the  p r e s e n t   i n v e n t i o n .  

From Figs.  11  to  12,  i t   can be  r e a d i l y   u n d e r s t o o d   t h a t ,   i n  

the  case   of  the  ho l low   f i b e r   of  the  p r e s e n t   i n v e n t i o n ,  

the  wa t e r   p e r m e a b i l i t y   v a r i e s   in  d i r e c t   p r o p o r t i o n   to  t h e  

membrane  t h i c k n e s s .  

Fig .   13  is  composed  of  c u r v e s   showing  the  r e l a t i o n s h i p s  

be tween   the  wa te r   p e r m e a b i l i t y   and  the  b u r s t   s t r e n g t h   and  t h e  

t h i c k n e s s   of  the  intermediate  layer.  The  curves  were  obtained  from  t h e  

d a t a   on  ho l low  f i b e r s   of  the  p r e s e n t   i n v e n t i o n  

d i f fe r ing   in  thickness  of  the  i n t e r m e d i a t e   l a y e r .   In  Fig.   13,  t h e  

c u r v e s  -   x  -   and  -0-  designate  the  wate r   p r e m e a b i l i t y   and  t h e  



b u r s t   s t r e n g t h ,   r e s p e c t i v e l y .   As  is  c l e a r   from  Fig .   13,  t h e  

l a r g e r   the   thickness  of  the  intermediate  layer,   the  higher  the  b u r s t  

s t r e n g t h .   A l s o ,   i t   can  be  o b s e r v e d   from  Fig.   13  t h a t   t h e  

larger   the  thickness  of  the  intermediate  layer,   the  loner  the  water  p e r -  

m e a b i l i t y .   E s p e c i a l l y ,   the  w a t e r   p e r m e a b i l i t y   b e g i n s   t o  

d e c r e a s e   d r a s t i c a l l y   from  a  cer ta in   thickness  of  the  intermediate  l a y e r .  

With  r e s p e c t   to  the  Cp  p o r e s ,   as  d e s c r i b e d   in  " K o b u n s h i  

Ronbun  Shu" ,   vo l .   34,  N o .  3 ,   pp.  205-216  (1977) ,   p u b l i s h e d   by  

the  Po lymer   S o c i e t y   of  J a p a n ,   where  in  a  w a t e r - i n - o i l   t y p e  
0 

s p h e r e   as  sma l l   as  100A  ( smal l   p a r t i c l e   of  emu l s ion )   the  o i l  

is  o c c u p i e d   by  a  p o l y m e r - r i c h   phase   and  the  wa t e r   is  o c c u p i e d  

by  a  p o l y m e r - l e a n   p h a s e ,   t h e r e   are  formed  s t r u c t u r e s   c a l l e d   Cp 

p o r e s .   The  Cp  pore   is  c h a r a c t e r i z e d   by  hav ing   a  c i r c u l a r   shape 

in  f r o n t   and  in  c r o s s   s e c t i o n .   On  the  o t h e r   hand,   a  p o r e  

h a v i n g   a  long  and  nar row  shape  is  c a l l e d   a  Up  p o r e .  

The  inner  void  l aye r - to -ou te r   void  layer  ra t io   as  herein  re fer red   t o  

means  a  ra t io   of  the  thickness  of  the  inner  void  layer  (lBi)  of  the  aromatic  

polysulfone  type  resin  hollow  f i b e r   membrane  of  the  p r e s e n t   i n v e n -  

t i o n   to  the  t h i c k n e s s   of  the  outer  void  layer  (.LBo)  thereof,   that   i s ,  

i t   means  a  lBi/lBo  ra t io .   lBi  and  ZBo  can  be  obtained  by  the  method  as  men- 

tioned  before.  With  respect  to  the  aromatic  polysulfone  type  resin  hollow 

fiber   membrane  of  the  present  invention,  the  inner  void  l aye r - to -ou te r   void 

layer  ra t io   is  in  the  range  of  1.5  to  0.6,  more  preferably,   1.4  to  1 .0 .  

In  a n o t h e r   a s p e c t   of  the  p r e s e n t   i n v e n t i o n ,   t h e r e   i s  

p r o v i d e d   a  p r o c e s s   for   p r o d u c i n g   an  a r o m a t i c   p o l y s u l f o n e   t y p e  

r e s i n   h o l l o w   f i b e r   membrane  c o m p r i s i n g   the  s t e p s   of  e x t r u d i n g  

i n t o   an  a i r   space   a  s p i n n i n g   s o l u t i o n   of  an  a r o m a t i c   p o l y -  

s u l f o n e   type   r e s i n   in  an  organic  polar  solvent  for  said  resin,   s a i d  

s o l u t i o n   c o n t a i n i n g   a  g l y c o l   and  hav ing   a  r e s i n   c o n c e n t r a t i o n  



of  from  15  to  35%  by  w e i g h t ,   from  an  a n n u l a r   s p i n n i n g   n o z z l e  

which  is  p r o v i d e d   wi th   a  p o l y m e r - e x t r u d i n g   a n n u l a r   o r i f i c e  

hav ing   an  o r i f i c e   wid th   of  from  110  to  700  µm  as  measu red   o n  

the  p o l y m e r - e x t r u d i n g   s i d e   of  the  n o z z l e   to  o b t a i n   an  e x t r u d a t e  

in  the  form  of  a  ho l low  f i b e r ,   wh i l e   s i m u l t a n e o u s l y   i n j e c t i n g  

as  i n t e r n a l   c o a g u l a t i n g   l i q u i d   c o m p r i s i n g   a  l i q u i d   m i s c i b l e  

wi th   s a i d   o r g a n i c   p o l a r   s o l v e n t   bu t   i n c a p a b l e   of  d i s s o l v i n g  

the  p o l y s u l f o n e   type   r e s i n   i n to   the  a n n u l a r   s p i n n i n g   n o z z l e   a t  

an  i n s i d e   bore  t h e r e o f ,   and  s u b s e q u e n t l y   i n t r o d u c i n g   s a id   e x -  

t r u d a t e   i n t o   a  c o a g u l a t i n g   l i q u i d   ba th   c o m p r i s i n g   a  l i q u i d  

m i s c i b l e   w i th   s a i d   o r g a n i c   p o l a r   s o l v e n t   but   i n c a p a b l e   of  d i s -  

s o l v i n g   the  p o l y s u l f o n e   type   r e s i n .  

The  i m p o r t a n t   f e a t u r e s   of  the  p r o c e s s   of  the   p r e s e n t   i n -  

v e n t i o n   a r e :   add ing   a  g l y c o l   as  an  a d d i t i v e   i n t o   a  s p i n n i n g  

s o l u t i o n ;   c o n t r o l l i n g   the  po lymer   c o n c e n t r a t i o n   of  a  s p i n n i n g  

s o l u t i o n   to  an  a p p r o p r i a t e   v a l u e ;   a l l o w i n g   the  e x t r u d a t e   t o  

r u n  i n   an  a i r   space   b e f o r e   i t   is  b r o u g h t   i n t o   c o n t a c t   wi th   a  

c o a g u l a t i n g   l i q u i d   b a t h ;   and  a d j u s t i n g   the  membrane  t h i c k n e s s  

of  the  ho l low  f i b e r   to  an  a p p r o p r i a t e   v a l u e .  

Any  o r g a n i c   p o l a r   s o l v e n t   can  be  used  in  the  p r o c e s s   o f  

the  p r e s e n t   i n v e n t i o n   as  f a r   as  i t   is  c a p a b l e   of  d i s s o l v i n g  

t h e r e i n   an  a r o m a t i c   p o l y s u l f o n e   type  r e s i n .   As  p r e f e r r e d  

examples   of  such  a  s o l v e n t ,   t h e r e   can  be  m e n t i o n e d   N - m e t h y l -  

p y r r o l i d o n e ,   d i m e t h y l f o r m a m i d e ,   d i m e t h y l a c e t a m i d e   and  d i e t h y l -  

a c e t a m i d e .  

In  the  p r o c e s s   of  p r o d u c i n g   a  ho l low  f i b e r   membrane  o f  

the  p r e s e n t   i n v e n t i o n ,   a d d i t i o n   of  a  g l y c o l   i n to   a  s p i n n i n g  

s o l u t i o n   i s  o f   c r u c i a l   i m p o r t a n c e .   If  use  is  made  of  a  s p i n -  

n ing  s o l u t i o n   c o n t a i n i n g   no  such  a  g l y c o l ,   for   e x a m p l e ,   a  



polymer   s o l u t i o n   c o n s i s t i n g   only   of  an  a r o m a t i c   p o l y s u l f o n e  

type  res in   and  an  organic  polar  solvent,   a  polymer  solution  containing  an 

aqueous  solut ion  of  a  metal  sa l t   of  an  inorganic  acid  or  a  metal  sa l t   of  an 

o r g a n i c   a c i d   as  described  in  the  U.S.  P a t e n t   N o .  4 , 2 8 6 , 0 1 5   s p e c i -  

f i c a t i o n ,   or  a  s p i n n i n g   s o l u t i o n   c o n t a i n i n g   p o l y v i n y l p y r r o l i d o n e ,  

t h e r e   can  a l s o   be  o b t a i n e d   a  h o l l o w   f i b e r   membrane  wi th   a  f i v e  

l a y e r   s t r u c t u r e ,   however ,   t h e r e   c a n n o t   be  o b t a i n e d   a  h o l l o w  

f i b e r   membrane  e x c e l l e n t   not   only   in  b u r s t   s t r e n g t h   but   a l s o  

in  w a t e r   p e r m e a b i l i t y   and  has  an  i n n e r   void   l a y e r - t o - o u t e r  

vo id   l a y e r   r a t i o   of  1.5  to  0 .6 ,   and  in  which  an  i n t e r m e d i a t e  

l a y e r   h a v i n g   a  s t r u c t u r e   e x t r e m e l y   s u f f i c i e n t   in  c o m m u n i c a t i o n  

is  fo rmed.   A d d i t i o n   of  a  g l y c o l   c o n t r i b u t e s   to  f o r m a t i o n   o f  

an  i n t e r m e d i a t e   l a y e r   which  has  an  e x t r e m e l y   s m a l l  p e r m e a t i o n  

r e s i s t a n c e .   T h e r e f o r e ,   a c c o r d i n g   to  the  p r o c e s s   of  the  p r e s e n t  

i n v e n t i o n ,   i t   has  become  p o s s i b l e   to  p r e p a r e   a  ho l low  f i b e r  

membrane  from  a  s p i n n i n g   s o l u t i o n   wi th   a  r e l a t i v e l y   h igh  p o l y -  

mer  c o n c e n t r a t i o n   as  compared  w i th   the  c o n v e n t i o n a l l y   u s e d  

s p i n n i n g   s o l u t i o n s ,   and  a t   the  same  t ime ,   i t   has  become  p o s s i b l e  

to  improve   the  m e c h a n i c a l   s t r e n g t h   of  the   ho l low   f i b e r   membrane. 

A  h o l l o w   f i b e r   membrane  o b t a i n e d   a c c o r d i n g   to  the  p r o c e s s  

of  the  p r e s e n t   i n v e n t i o n   has  e x c e l l e n t   p r o p e r t i e s   such  as  a  

w a t e r   p e r m e a b i l i t y   of  3  m 3 / m 2 · d a y · a t m   or  more,  a  b u r s t   s t r e n g t h  

of  15  kg/cm2  or  more  and  a  t e n s i l e   s t r e n g t h   of  20  kg/cm2  o r  

more  [measured   by  Shimadzu  A u t o g r a p h   IM-100  ( t r a d e   name  of  a  

t e s t i n g   machine   for   t e n s i l e   s t r e n g t h   m a n u f a c t u r e d   and  so ld   b y  

Shimadzu  C o r p o r a t i o n ,   J a p a n ) ] .  

As  p r e f e r r e d   examples   of  a  g l y c o l   to  be  used  in  the  p r o c e s s  

of  the  p r e s e n t   i n v e n t i o n ,   t h e r e   can  be  m e n t i o n e d   e t h y l e n e  

g l y c o l ,   d i e t h y l e n e   g l y c o l ,   t r i e t h y l e n e   g l y c o l ,   t e t r a e t h y l e n e  



g l y c o l ,   p o l y e t h y l e n e   g l y c o l   (hav ing   a  number  a v e r a g e   m o l e c u l a r  

w e i g h t   of  200  to  6 , 0 0 0 ) ,   p r o p y l e n e   g l y c o l ,   d i p r o p y l e n e   g l y c o l ,  

t r i p r o p y l e n e   g l y c o l ,   p o l y p r o p y l e n e   g l y c o l   (hav ing   a  n u m b e r  

a v e r a g e   m o l e c u l a r   w e i g h t   of  200  to  6 , 0 0 0 ) ,   g l y c e r i n ,   t r i m e t h y l o l -  

p r o p a n e ,   e t h y l e n e   g l y c o l   me thy l   e t h e r   d e r i v a t i v e s   such  a s  

e t h y l e n e   g l y c o l   monomethyl   e t h e r ,   e t h y l e n e   g l y c o l   d i m e t h y l  

e t h e r ,   d i e t h y l e n e   g l y c o l   monomethyl   e t h e r ,   d i e t h y l e n e   g l y c o l  

d i m e t h y l   e t h e r ,   t r i e t h y l e n e   g l y c o l   monomethyl   e t h e r   and  p r o -  

p y l e n e   g l y c o l   d e r i v a t i v e s   such  as  p r o p y l e n e   g l y c o l   m o n o m e t h y l  

e t h e r   or  the  l i k e .   These  g l y c o l s   as  m e n t i o n e d   j u s t   above  may 

be  used  a lone   or  in  c o m b i n a t i o n .   Of  them,  a  g l y c o l   hav ing   a  

number  a v e r a g e   m o l e c u l a r   w e i g h t   s i m i l a r   to  t h a t   of  t e t r a e t h y l e n e  

g l y c o l   is  e s p e c i a l l y   p r e f e r r e d .   The  p r o p o r t i o n   of  the  g l y c o l  

to  the  po lymer   s o l u t i o n   is  not   c r i t i c a l   in  so  f a r   as  the  s t a t e  

of  the  po lymer   s o l u t i o n   in  which  the  po lymer   is  u n i f o r m l y   d i s -  

s o l v e d   can  be  m a i n t a i n e d .   Such  a  proportion  may  be  v a r i e d  

d e p e n d i n g   upon,  for  example,  the  polymer  concentrat ion  of  the  solut ion  and 

the  k ind   of  the  p o l a r   s o l v e n t   employed ,   but   u s u a l l y   a  g l y c o l  

is  i n c o r p o r a t e d   in  an  amount  of  0.5  to  30%  by  w e i g h t   based   on  

the  t o t a l   w e i g h t   of  the  s p i n n i n g   s o l u t i o n .   When  the   g l y c o l  

c o n t e n t   is  l e s s   than  0.5%  by  w e i g h t ,   t h e r e   can  h a r d l y   be  e x -  

p e c t e d   the  d e s i r e d   e f f e c t   of  the  g l y c o l   on  the  f o r m a t i o n   of  a  

ho l low  f i b e r   membrane.   When  the  g l y c o l   c o n t e n t   e x c e e d s   30% 

by  w e i g h t ,   the  po lymer   s o l u t i o n   becomes  i n s t a b l e   and  o p a q u e  

and,  in  a d d i t i o n ,   the  m e m b r a n e - f o r m i n g   p e r f o r m a n c e   of  t h e  

s p i n n i n g   s o l u t i o n   is  so  l owered   t h a t   t h e r e   c a n n o t   be  o b t a i n e d  

a  ho l low  f i b e r   membrane  w i th   e x c e l l e n t   p r o p e r t i e s .   The  p r e f e r -  

red  g l y c o l   c o n t e n t   is  3  to  20%  by  w e i g h t ,   more  p r e f e r a b l y ,  

5  to  15%  by  w e i g h t .  



The  c o n c e n t r a t i o n   of  the  po lymer   in  the  s p i n n i n g   s o l u t i o n  

is  in  the  r ange   of  from  15  to  35%  by  w e i g h t   based   on  the  t o t a l  

w e i g h t   of  the  s p i n n i n g   s o l u t i o n ,   p r e f e r a b l y   from  18  to  25%  b y  

w e i g h t .   When  the   c o n c e n t r a t i o n   of  the  po lymer   e x c e e d s   35%  b y  

w e i g h t ,   the   r e s u l t i n g   s e m i p e r m e a b l e   membrane  is  so  poor  i n  

w a t e r   p e r m e a b i l i t y   t h a t   i t   c a n n o t   be  put   to  p r a c t i c a l   use .   I n  

c o n t r a s t ,   when  the  po lymer   c o n c e n t r a t i o n   is  lower   than  15%  by  

w e i g h t ,   the   i n t e r m e d i a t e   l a y e r   of  the  r e s u l t i n g   ho l low   f i b e r  

membrane  has  an  i n s u f f i c i e n t   t h i c k n e s s   and  the  a v e r a g e   p o r e  

d i a m e t e r   of  the   p o r e s   p r e s e n t   in  the  i n t e r m e d i a t e   l a y e r   e x c e e d s  

9  µm,  r e s u l t i n g   in  f o r m a t i o n   of  a  ho l low   f i b e r   membrane  w h i c h  

is  poor   in  m e c h a n i c a l   s t r e n g t h   or  in  b u r s t   s t r e n g t h .  

The  p o l y m e r   c o n c e n t r a t i o n   of  the  o r i g i n a l   s o l u t i o n   i s  

c l o s e l y   r e l a t e d   to  a  s t r u c t u r e   of  a  ho l low   f i b e r   p r e p a r e d   t h e r e -  

from.  In  p r e p a r i n g   a  f l a t   membrane,   when  an  o r i g i n a l   s o l u t i o n  

w i th   a  polymer  content  of  as  low  as  less  than  15%  by  weight  is  used,  

t h e r e   is  o b t a i n e d   a  membrane  of  a  d o u b l e - l a y e r   s t r u c t u r e   of  a  

s u r f a c e   l a y e r ( A )   and  a  void   l a y e r ( B )   in  which  the  void   l a y e r  

grows  long  in  a  t h i c k n e s s w i s e   d i r e c t i o n   of  the   membrane.   On 

the  o t h e r   hand,   when  use  is  made  of  a  s o l u t i o n   wi th   a  

po lymer   c o n t e n t   of  as  high  as  15%  by  weight  or  more,  an  i n t e rmed ia t e  

l a y e r   grows  w i t h   the  i n c r e a s e   of  the  po lymer   c o n c e n t r a t i o n ,  

whereby   t h e r e   is   formed  a  f l a t   membrane  of  a  t h r e e - l a y e r   s t r u c -  

t u r e   of  a  s u r f a c e   l a y e r ( A ) ,   a  void   l a y e r ( B )   and  an  i n t e r m e d i a t e  

l a y e r ( C ) .   However,   the  f l a t   membrane  is  e x t r e m e l y   poor  i n  

w a t e r   p e r m e a b i l i t y   w h a t e v e r   s t r u c t u r e   i t   may  have.   For  r e f e r -  

ence ,   t h e r e   is  shown  in  Fig .   14  a  r e l a t i o n s h i p   be tween   t h e  

w a t e r   p e r m e a b i l i t y   and  the  membrane  t h i c k n e s s   of  a  f l a t   mem- 

b r ane   h a v i n g   an  ABC-composed  t h r e e - l a y e r   s t r u c t u r e .   From  F i g .  



14,  i t   is  c l e a r   t h a t   when  the  t h i c k n e s s   of  the  f l a t   mem- 

b r ane   is  100  pm  or  more,  the  w a t e r   p e r m e a b i l i t y   of  the  membrane  

is  e x t r e m e l y   l o w .  

On  the  o t h e r   hand,   in  p r e p a r i n g   a  ho l low  f i b e r ,  

when  a  low  po lymer   c o n t e n t   s p i n n i n g   s o l u t i o n  

is  used  and  c o a g u l a t i o n   of  the  o u t s i d e   and  the  i n s i d e   of  a n  

e x t r u d a t e   in  the  form  of  a  ho l low  f i b e r   is  e f f e c t e d ,   t h e r e   i s  

o b t a i n e d   a  ho l low   f i b e r   h a v i n g   s u r f a c e   l a y e r s ( A )   a n d  

void   l a y e r s ( B )   in  which  vo ids   are  i r r e g u l a r l y   p r e s e n t .   I n  

such  a  h o l l o w   f i b e r ,   an  i n t e r m e d i a t e   l a y e r   is  p r e s e n t  

but   the  t h i c k n e s s   t h e r e o f   is  e x t r e m e l y   s m a l l ,   and  hence ,   t h e  

h o l l o w   f i b e r   has  a  s t r u c t u r e   of  the  Ai,  Bi,  Bo  and  Ao 

l a y e r s   a r r a n g e d   in  t h a t   s e q u e n c e .   The  ho l low  f i b e r  

wi th   such  a  s t r u c t u r e ,   however ,   is  so  poor  in  m e c h a n i c a l  

s t r e n g t h   t h a t   i t   c a n n o t   s t a n d   a  c o n t i n u o u s   o p e r a t i o n   in  w h i c h  

b a c k - w a s h i n g   of  the  ho l low   f i b e r   is  e f f e c t e d .  

When  c o a g u l a t i o n   of  only   the  o u t s i d e   or  the  i n s i d e   of  t h e  

e x t r u d a t e   is  e f f e c t e d ,   t h e r e   is  o b t a i n e d   a  ho l low  f i b e r  

wi th   a  d o u b l e - l a y e r   s t r u c t u r e   of  a  s u r f a c e   l a y e r ( A )  

and  a  void   l a y e r ( B ) .   The  s u r f a c e   l a y e r ( A )   and  the  void   l a y e r  

(B)  a re   a r r a n g e d   in  e i t h e r   o r d e r   of  AB  or  BA.  In  t h i s   c a s e ,  

the  s u r f a c e   l a y e r   is  formed  on  the  i n n e r   s u r f a c e   or  the  o u t e r  

s u r f a c e   of  the  h o l l o w  f i b e r .   However,   the  ho l low  f i b e r  

h a v i n g   such  a  d o u b l e - l a y e r   s t r u c t u r e   is  so  m e c h a n i c a l l y   weak  

t h a t   i t   c a n n o t   s t a n d   a  c o n t i n u o u s   o p e r a t i o n   in  which  b a c k -  

wash ing   of  the  hollow  fiber  is  e f f e c t e d .   By  u s i n g ,   as  the  s p i n n i n g  

s o l u t i o n ,   a  solution  with  a  polymer  content  of  as  high  as  15%  by  weight  

or  more,  and  by  e f f e c t i n g   c o a g u l a t i o n   of  both   the  o u t s i d e   a n d  

i n s i d e   of  the  e x t r u d a t e ,   t h e r e   can  be  o b t a i n e d   a  ho l low   f i b e r  



wi th   a  f i v e - l a y e r   s t r u c t u r e   of  two  s u r f a c e   l a y e r s ,  

two  vo id   l a y e r s   and  in  a d d i t i o n ,   an  i n t e r m e d i a t e   l a y e r   w i th   a  

s u i t a b l e   t h i c k n e s s ,   which  hollow  f iber   has  n o t o n l y   an  i m p r o v e d  

m e c h a n i c a l   s t r e n g t h   but   a l s o   a  h igh   w a t e r   p e r m e a b i l i t y .   F o r  

r e f e r e n c e ,   t h e r e   is  shown  in  Fig .   15  a  r e l a t i o n s h i p   b e t w e e n  

the  b u r s t   s t r e n g t h   and  the  membrane  t h i c k n e s s   of  a  h o l l o w  

f i b e r   of  the   p r e s e n t   i n v e n t i o n   which  has  a  f i v e - l a y e r  

s t r u c t u r e   of  Ao,  Bo,  C,  Bi  and  Ai  l a y e r s ,   shown  in  c o m p a r i s o n  

wi th   t h a t   of  a  h o l l o w   f i b e r   wi th   a  Ai-Bo  s t r u c t u r e  

and  a  Bi-Ao  s t r u c t u r e .   From  F ig .   5,  i t   is  a p p a r e n t   t h a t   t h e  

h o l l o w   f i b e r   w i th   a  f i v e - l a y e r   s t r u c t u r e   is  r e m a r k a b l y  

e x c e l l e n t   in  b u r s t   s t r e n g t h ,   as  compared   wi th   the  ho l low  f i b e r  

w i th   a  d o u b l e - l a y e r   s t r u c t u r e .  

A c c o r d i n g   to  the  p r o c e s s   of  the  p r e s e n t   i n v e n t i o n ,   t h e  

s p i n n i n g   s o l u t i o n   is  e x t r u d e d   i n t o   an  a i r   space   in  the  form  o f  

a  h o l l o w   f i b e r   from  an  a n n u l a r   s p i n n i n g   n o z z l e   which  is  p r o -  

v i d e d   w i th   a  p o l y m e r - e x t r u d i n g   a n n u l a r   o r i f i c e   hav ing   a n  

o r i f i c e   w i d t h   of  110  to  700  µm  as  measu red   on  the  polymer-extruding 

side  of  the  nozzle.  The  thickness  of  the  hollow  f iber   membrane  is  v a r i e d  

a c c o r d i n g   to  the   o r i f i c e   w id th   of  the  a n n u l a r   s p i n n i n g   n o z z l e ,  

and  is  not  grea t ly   af fected  by  o t h e r   s p i n n i n g   c o n d i t i o n s .   U s u a l l y ,  

the  membrane  t h i c k n e s s   is  s m a l l e r   than   the  o r i f i c e   w id th   o f  

the  n o z z l e .   When  an  a n n u l a r   s p i n n i n g   n o z z l e   of  which  t h e  

o r i f i c e   w i d t h   is   in  the  r ange   of  from  110  to  700  pm  is  u s e d ,  

t h e r e   can  be  o b t a i n e d   a  h o l l o w   f i b e r   membrane  hav ing   a  t h i c k -  

ness   of  from  100  to  600  um. 

As  the  c o a g u l a t i n g   l i q u i d ,   w a t e r   is  most  g e n e r a l l y   u s e d .  

However,   t h e r e   may  a l s o   be  employed  an  o r g a n i c   s o l v e n t   w h i c h  

is  i n c a p a b l e   of  d i s s o l v i n g   a  p o l y m e r .   Examples   of  such  a n  



o r g a n i c   s o l v e n t   i n c l u d e   m e t h a n o l ,   e t h a n o l   and  the  l i k e .   T h e s e  

non-solvents  may  be  employed  alone  or  in  mixture  of  two  or  more  kinds  o f  

such  non-solvents.   I t   is  p r e f e r r e d   t h a t   the  i n t e r n a l   c o a g u l a t i n g  

l i q u i d   and  the  c o a g u l a t i n g   l i q u i d   ba th   be  the  s a m e .  

In  p r e p a r i n g   a  ho l low  f i b e r ,   a  c o a g u l a t i n g   l i q u i d  

must  be  employed  as  the  i n t e r n a l   and  e x t e r n a l   c o a g u l a t i n g  

l i q u i d s   so  t h a t   c o a g u l a t i o n   of  both   of  the  o u t s i d e   and  t h e  

i n s i d e   of  the  e x t r u d a t e   in  the  form  of  a  ho l low   f i b e r   is  p e r -  

formed.   In  o r d e r   to  m a i n t a i n   the  i n n e r   void   l a y e r - t o - o u t e r  

void   l a y e r   r a t i o   at  such  a  d e s i r e d   v a l u e   as  1.5  to  0 .6 ,   i t   i s  

r e q u i r e d   to  e x t r u d e   the  s p i n n i n g   s o l u t i o n   f i r s t l y   i n t o   an  a i r  

space  b e f o r e   i t   is  c o n t a c t e d   wi th   the  c o a g u l a t i n g   l i q u i d .   The 

r u n n i n g - i n - a i r   d i s t a n c e   which  means  a  d i s t a n c e   be tween   the   t i p  

of  the  s p i n n i n g   n o z z l e   and  the  s u r f a c e   of  the  c o a g u l a t i n g  

l i q u i d   ba th   may  s l i g h t l y   be  v a r i e d   a c c o r d i n g   to  o t h e r   s p i n n i n g  

c o n d i t i o n s ,   and  hence ,   the  p r e f e r r e d   range   of  such  d i s t a n c e  

c a n n o t   be  e s t a b l i s h e d   u n c o n d i t i o n a l l y .   However,  for   e x a m p l e ,  

in  o r d e r   to  o b t a i n   a  ho l low   f i b e r   wi th   i n c r e a s e d  

t h i c k n e s s   and  d i a m e t e r ,   i t   is  r e q u i r e d   to  r e n d e r   the  r u n n i n g -  

i n - a i r   d i s t a n c e   s h o r t .   I t   is  p r e f e r r e d   t h a t   the  r u n n i n g - i n -  

a i r   d i s t a n c e   be  in  the  range   of  a p p r o x i m a t e l y   from  0.1  to  30 

cm.  In  case   t h a t   the  r u n n i n g - i n - a i r   d i s t a n c e   is  l e s s   t h a n  

0.1  cm,  t h e r e   is  o b t a i n e d   a  ho l low   f i b e r   of  w h i c h  

the  i n n e r   void  l a y e r - t o - o u t e r   void   l a y e r   r a t i o   e x c e e d s   1.5.  On 

the  other  hand,  if  the  runnning- in-a i r   distance  exceeds  30  cm,  i t   is  d i f -  

f i c u l t   to  o b t a i n   a  ho l low  f i b e r   which  is  f r e e   f r o m  

d e f o r m a t i o n .   In  o r d e r   to  p r e p a r e   a  ho l low  f i b e r   w i t h  

a  f i v e - l a y e r   s t r u c t u r e   c h a r a c t e r i s t i c   of  the  p r e s e n t   i n v e n t i o n ,  

i t   is  n e c e s s a r y   to  r e n d e r   the  membrane  t h i c k n e s s   in  the  r a n g e  



of  from  100  to  600  µm,  more  p r e f e r a b l y ,   from  100  to  400  µm. 

F ig .   10  shows  the  r e l a t i o n s h i p   be tween   the  r a d i u s   of  t h e  

Cp  pore   (r)  and  the  d i s t a n c e   (l)  from  the  i n n e r   s u r f a c e   a n d  

o u t e r   s u r f a c e   of  a  ho l low  f i b e r .   S p e c i f i c a l l y ,   t h e  

c u r v e s   are  o b t a i n e d   from  the   da t a   on  two  ho l low   f i b e r s   e a c h  

h a v i n g   a  t h i c k n e s s   of  300  µm  and  each  o b t a i n e d   by  the  use  o f  

a  s p i n n i n g   s o l u t i o n   in  which  Udel  p o l y s u l f o n e ®   ( t r a d e m a r k   o f  

a  p o l y s u l f o n e   type   r e s i n   m a n u f a c t u r e d   by  Union  C a r b i d e   C o r p . ,  

U .S .A . )   is   d i s s o v e d   in  a  mixed  s o l v e n t   of  d i m e t h y l a c e t a m i d e  

and  t e t r a e t h y l e n e   g l y c o l .   The  po lymer   c o n c e n t r a t i o n s   of  t h e  

two  s p i n n i n g   s o l u t i o n s   were  17.0%  by  w e i g h t   and  20%  by  w e i g h t ,  

r e s p e c t i v e l y .   F ig .   10  shows  t h a t   the   r a d i u s   of  the   Cp  p o r e  

i n c r e a s e s   p r o g r e s s i v e l y   from  the  s u r f a c e   of  the  ho l low  f i b e r  

to  the  i n t e r i o r   t h e r e o f   and  t h a t   the  pore   d i a m e t e r   of  t h e  

h o l l o w   f i b e r   o b t a i n e d   by  u s i n g   a  s p i n n i n g   s o l u t i o n   wi th   a  

po lymer   c o n c e n t r a t i o n   of  20%  by  w e i g h t   is  r e l a t i v e l y   much 

s m a l l e r   t han   t h a t   of  a  h o l l o w   f i b e r   o b t a i n e d   by  u s i n g   a  s p i n -  

n ing   s o l u t i o n   w i t h   a  po lymer   c o n c e n t r a t i o n   of  17.0%  by  w e i g h t .  

The  a r o m a t i c   p o l y s u l f o n e   t ype   r e s i n   ho l low  f i b e r   membrane  

of  the  p r e s e n t   i n v e n t i o n   is  c a p a b l e   of  p a s s i n g   t h e r e t h r o u g h   a  

g l o b u l a r   p r o t e i n   h a v i n g   a  m o l e c u l a r   w e i g h t   of  l e s s   t h a n _ 1 3 , 0 0 0 ,  

bu t   i n c a p a b l e   of  p a s s i n g   t h e r e t h r o u g h   s u b s t a n c e s   h a v i n g   m o l e c -  

u l a r   w e i g h t s   l a r g e r   than   the  m e n t i o n e d   above ,   such  as  a l b u m i n ,  

g l o b u l i n   c o n t a i n e d   in  body  f l u i d ,   p y r o g e n   s u b s t a n c e s ,   b a c t e r i a  

(1-2  pm),  y e a s t   (2-4  µm)  and  c a u s a t i v e   v i r u s e s   of  d i s e a s e s  

( m o l e c u l a r   w e i g h t  :   2 , 4 0 0 , 0 0 0 ) .   A c c o r d i n g l y ,   the  ho l low  f i b e r  

membrane  of  the  p r e s e n t   i n v e n t i o n   can  a d v a n t a g e o u s l y   be  u s e d  

for   r emova l   of  p y r o g e n   s u b s t a n c e s   from  the  p a r e n t e r a l   s o l u t i o n  

or  from  the  i n f u s i o n   s o l u t i o n ,   p r e p a r a t i o n   of  the  a b s o l u t e l y -  

p u r i f i e d   wa t e r   and  c o n c e n t r a t i o n   of  p r o t e i n s .   The  h o l l o w  



f i b e r   membrane  of  the  p r e s e n t   i n v e n t i o n   can  a d v a n t a g e o u s l y   be  

used  e s p e c i a l l y   in  the  a p p l i c a t i o n s   where  the  membrane  i s  

r e q u i r e d ,   b e f o r e   i t   is  used  for   s e p a r a t i o n   and  p u r i f i c a t i o n  

of  s u b s t a n c e s ,   to  be  r e p e a t e d l y   s u b j e c t e d   to  s t e r i l i z a t i o n  

under   h igh  t e m p e r a t u r e s ,   s t e r i l i z a t i o n   wi th   a c i d ,   a l k a l i   o r  

the  l i k e ,   such  as  s e p a r a t i o n   and  p u r i f i c a t i o n   o f  m e d i c a l   p r o -  

d u c t s   or  food  s t u f f s   or  p r e p a r a t i o n   of  the  a b s o l u t e l y - p u r i f i e d  

w a t e r .  

PREFERRED  EMBODIMENTS  OF  THE  INVENTION 

The  p r e s e n t   i n v e n t i o n   w i l l   now  be  i l l u s t r a t e d   in  m o r e  

d e t a i l   by  the  f o l l o w i n g   Examples   t h a t   shou ld   not  be  c o n s t r u e d  

as  l i m i t i n g   the  scope  of  the  i n v e n t i o n .  

In  Examples ,   the  w a t e r   p e r m e a b i l i t y ,   the  c u t - o f f   m o l e c -  

u l a r   w e i g h t   and  the  b u r s t   s t r e n g t h   of  the   a r o m a t i c   p o l y -  

s u l f o n e   type   r e s i n   ho l low   f i b e r   membrane  were  d e t e r m i n e d   b y  

the  f o l l o w i n g   m e t h o d s .  

(1)  Measuremen t   of  the  wa t e r   p e r m e a b i l i t y  

A  p r e d e t e r m i n e d   number  of  h o l l o w   f i b e r s   whose  o u t e r   a n d  

i n n e r   d i a m e t e r s   have  been  measu red   in  advance   are  b u n d l e d  

i n t o   a  module  and  one  end  of  s a i d   module  is  s e a l e d .   W a t e r   i s  

i n j e c t e d   from  the  o t h e r   end  of  s a id   module  at  which  the  h o l l o w  

f i b e r s   are   u n i f i e d   by  means  of  an  a d h e s i v e .   The  e f f e c t i v e  

l e n g t h   of  the  module  is  25  cm  and  the  d i f f e r e n c e   in  p r e s s u r e  

be tween   the  i n s i d e   and  the  o u t s i d e   of  the  ho l low  f i b e r   i s  

1  atm.  Under  such  c o n d i t i o n s ,   t h e  p e r m e a b i l i t y   ( m 3 / m 2 · d a y · a t m )  

of  the  ho l low  f i b e r   to  a  25°C  d i s t i l l e d   w a t e r   is  m e a s u r e d .  



(2)  M e a s u r e m e n t   of  the   c u t - o f f   m o l e c u l a r   w e i g h t  

One  end  of  a  ho l low   f i b e r   of  which  the  o u t e r   and  i n n e r  

d i a m e t e r s   have  been  m e a s u r e d   in  advance   is  used  as  an  i n l e t  

for   w a t e r   and  the  o t h e r   end  of  s a i d   ho l low  f i b e r   is   used  a s  

an  o u t l e t   for   w a t e r .   The  e f f e c t i v e   l e n g t h   of  the  f i b e r   i s  

25  cm,  the  p r e s s u r e   at   the   i n l e t   p o r t i o n   is  1.2  kg/cm2  o r  

l e s s ,   the   p r e s s u r e   a t   the   o u t l e t   p o r t i o n   is  0.8  kg/cm2  o r  

more,   the   a v e r a g e   of  the  p r e s s u r e   in  the   i n l e t   and  o u t l e t  

p o r t i o n s   is  1.0  kg/cm2  and  the   l i n e a r   v e l o c i t y   of  the   w a t e r  

is  1.0  m / s e c .   Under  such  c o n d i t i o n s ,   aqueous   s o l u t i o n s   o f  

v a r i o u s   m o l e c u l e s   are,  at  a  t e m p e r a t u r e   of  25°C,  i n t r o d u c e d  

i n t o   s a i d   f i b e r   from  the  i n l e t   p o r t i o n   t h e r e o f .   A f t e r   10 

m i n u t e s ,   0.5  ml  of  the   f i l t r a t e   is  t a k e n ,   and  the  p r o p o r t i o n s  

c u t - o f f   of  v a r i o u s   m o l e c u l e s   are   c a l c u l a t e d   from  the   amount  o f  

m o l e c u l e s   c o n t a i n e d   t h e r e i n .   When  the  p r o p o r t i o n   c u t - o f f   o f  

d e x t r a n   m o l e c u l e s   is  d e t e r m i n e d ,   use  is  made  of  an  a q u e o u s  

5.0  wt %  s o l u t i o n   t h e r e o f .   On  the  o t h e r   hand,   when  the  p r o -  

p o r t i o n   c u t - o f f   of  a  g l o b u l a r   p r o t e i n   is  d e t e r m i n e d ,   use  i s  

made  of  an  aqueous   0.25  wt %  s o l u t i o n   t h e r e o f .   In  l a t t e r  

c a s e ,   the   h o l l o w   f i b e r   s h o u l d   be,  p r i o r   to  i n j e c t i o n   of  t h e  

. s o l u t i o n ,   d i p p e d   i n t o   s a i d   s o l u t i o n   (5°C)  for   12  hours   s o  

t h a t   the   h o l l o w   f i b e r   is   not   a d v e r s a r y   a f f e c t e d   by  a d s o r p t i o n  

of  the  p r o t e i n .  

(3)  Measu remen t   of  the  b u r s t   s t r e n g t h  

A  ho l low   f i b e r   is  bended  in  the  form  of  a  l oop ,   and  t h e  

b o t h s   end  t h e r e o f   are   f i x e d .   P n e u m a t i c   p r e s s u r e   is  e q u a l l y  

a p p l i e d   to  the  h o l l o w   f i b e r   from  each  of  the  ends  of  t h e  



ho l low  f i b e r   thus   f i x e d ,   and  t h e r e a f t e r ,   the  p r e s s u r e   i s  

g r a d u a l l y   r a i s e d   at   an  e l e v a t i o n   r a t e   of  10  k g / c m 2 / m i n .   The  

b u r s t   s t r e n g t h   is  d e f i n e d   as  a  p r e s s u r e   a t   which  the  h o l l o w  

f i b e r   r u p t u r e s .  



Example  1 

D i m e t h y l a c e t a m i d e   as  a  s o l v e n t ,   t e t r a e t h y l e n e   g l y c o l  

as  an  a d d i t i v e   and  Udel  p o l y s u l f o n e @   ( t r a d e m a r k   of  a  

p o l y s u l f o n e   m a n u f a c t u r e d   and  so ld   by  Union  C a r b i d e   Corp.,  U.S.A.) 

c o m p r i s i n g   r e c u r r i n g   u n i t s   r e p r e s e n t e d   by  the  f o r m u l a :  

as  a  polymer  were  mixed  in  a  weight  ra t io   of  71:9:20  to  obtain a   homogeneous 

polymer  solut ion.   The  t hus   o b t a i n e d   po lymer   s o l u t i o n   was 

used  as  a  s p i n n i n g   s o l u t i o n .   The  s p i n n i n g   s o l u t i o n   t h u s  

o b t a i n e d   was  then   e x t r u d e d   from  an  a n n u l a r   ho l low   f i b e r   s p i n n i n g  

n o z z l e   [ p r o v i d e d   wi th   a  p o l y m e r - e x t r u d i n g   a n n u l a r   o r i f i c e  

h a v i n g   an  o r i f i c e   w id th   of  330  µm  ( h e r e i n a f t e r   only   the  v a l u e  

is  i n d i c a t e d ) ] .   P u r i f i e d   w a t e r   was  used  as  i n t e r n a l   a n d  

e x t e r n a l   c o a g u l a t i n g   l i q u i d s   to  e f f e c t   c o a g u l a t i o n   of  b o t h  

the  i n s i d e   and  o u t s i d e   of  the   r e s u l t i n g   e x t r u d a t e .  

As  a  r e s u l t ,   t h e r e   was  o b t a i n e d   a  po rous   membrane  

in  the   form  of  a  h o l l o w   f i b e r   hav ing   an  i n n e r   d i a m e t e r  

of  0.75  mm,  an  o u t e r   d i a m e t e r   of  1.35  mm  and  a  membrane  

t h i c k n e s s   of  0.3  mm.  The  d i s t a n c e   be tween   the  t i p   of  t h e  

s p i n n i n g   n o z z l e   and  the  s u r f a c e   of  the  e x t e r n a l   c o a g u l a t i n g  

l i q u i d   ( h e r e i n a f t e r   a b b r e v i a t e d   as  " r u n n i n g - i n - a i r   d i s t a n c e " )  

was  1.5  cm. 



The  thus   o b t a i n e d   h o l l o w   f i b e r   had  the  f o l l o w i n g  
p r o p e r t i e s :   wa te r   p e r m e a b i l i t y ,   12  m 3 / m 2 · d a y · a t m · w a t e r   a t  
25°C;  b u r s t   s t r e n g t h ,   31  k g / c m 2 .  

The  p r o p o r t i o n s   c u t - o f f   of  d e x t r a n   m o l e c u l e s   h a v i n g  
an  a v e r a g e   m o l e c u l a r   w e i g h t   of  1  x  104,  4  x  104  and  7  x  104 

were  24.0%,  80.0%  and  83.0%,  r e s p e c t i v e l y .   The  p r o p o r t i o n  
c u t - o f f   of  type   C  c y t o c h r o m e   which  is  a  g l o b u l a r   p r o t e i n  
hav ing   a  m o l e c u l a r   we igh t   of  13 ,000  was  95%  or  m o r e .  
O b s e r v a t i o n   of  a  c r o s s   s e c t i o n   of  the  r e s u l t i n g   h o l l o w  
f i b e r   showed  t h a t   i t   had  a  f i v e - l a y e r   s t r u c t u r e  
(Ao  Bo  C  Bi  Ai)  c h a r a c t e r i s t i c   of  the  p r e s e n t  

i n v e n t i o n .   The   i n n e r   void   l a y e r - t o - o u t e r   void   l a y e r  
rat io  was  found  to  be  1 .3 .   S c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h s  
of  the  r e s u l t i n g   ho l low  f i b e r  a r e   g iven   i n  
F i g s .   2  to  9 .  

The  r e la t ionsh ip   between the  radium  of  the  Cp  pore   and  t h e  
d i s t a n c e   from  the  i n n e r   s u r f a c e  o f   t h e  r e s u l t i n g  h o l l o w  
f i b e r   is  d e s i g n a t e d   by  a  c u r v e - x -  i n   Fig .   1 0 .  

Ano the r   ho l low  f i b e r   was  p r e p a r e d   in  s u b s t a n t i a l l y  
the  same  manner  as  m e n t i o n e d   above  e x c e p t   t h a t   d i m e t h y l -  
a c e t a m i d e ,   t e t r a e t h y l e n e   g l y c o l   and  a  p o l y s u l f o n e   ( U d e l )  
were  mixed  in  a  we igh t   r a t i o   of  7 4 : 9 : 1 7 .   The  r e l a t i o n s h i p  
be tween   the  r a d i u s   of  the  Cp  pore   and  t h e  d i s t a n c e   from  t h e  
i n n e r   s u r f a c e   of  t h e  r e s u l t i n g   h o l l o w  f i b e r  i s   d e s i g n a t e d   b y  
a  curve   -o-   in  Fig.   1 0 .  



Examples   2  to  13 

Hollow  f i b e r s   were  p r e p a r e d   in  s u b s t a n t i a l l y  

the  same  manner  as  in  Example  1  e x c e p t   t h a t   the  k ind  of  t h e  

a d d i t i v e   was  v a r i e d   as  i n d i c a t e d   in  Table   2.  The 

a d d i t i v e s   employed   and  the  p r o p e r t i e s   of  t h e  

r e s u l t i n g   h o l l o w   f i b e r s   are   shown  in  Table   2 .  

O b s e r v a t i o n   of  a  c r o s s   s e c t i o n   of  each  of  the  thus   o b t a i n e d  

h o l l o w   f i b e r s   showed  t h a t   each  ho l low  f i b e r   had  a  f i v e - l a y e r  

s t r u c t u r e   c h a r a c t e r i s t i c   of  the  p r e s e n t   i n v e n t i o n ,   and  t h e  

i n n e r   void   l a y e r - t o - o u t e r   vo id   l a y e r   r a t i o   of  e a c h  

h o l l o w   f i b e r   was  found  to  be  of  from  1.0  to  1 . 3 .  





C o m p a r a t i v e   Example  1 

The  po lymer   s o l u t i o n   h a v i n g   the  same  c o m p o s i t i o n   a s  

m e n t i o n e d   in  Example  1  was,  at   a  t e m p e r a t u r e   of  25°C,  c a s t   w i t h  

a  d o c t o r   b l a d e   onto  a  g l a s s   p l a t e   to  form  a  membrane  of  400  µm 

in  t h i c k n e s s ,   and  the  membrane  was,  a f t e r   a l l o w e d   t o  

s t a n d   for   one  m i n u t e ,   d ipped   i n t o   25°C  wa te r   to  e f f e c t  

c o a g u l a t i o n .   As  a  r e s u l t ,   t h e r e   was  o b t a i n e d  a   p o r o u s  

f l a t   membrane  of  300  um  in  t h i c k n e s s .   The  r e s u l t i n g  

p o r o u s   f l a t   membrane  had  the  f o l l o w i n g   p r o p e r t i e s :   w a t e r  

p e r m e a b i l i t y ,   0.01  m 3 / m 2 · d a y · a i m · w a t e r   at   25°C;  modulus  o f  

e l a s t i c i t y ,   1311  kg/cm2;   s t r e n g t h ,   60  kg/cm2  or  l e s s .  

The  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   of  a  c r o s s   s e c t i o n  

of  the  thus   o b t a i n e d   f l a t   membrane  showed  t h a t   the   membrane  

had  an  ABC-composed  t h r e e - l a y e r   s t r u c t u r e .   By  u s i n g   t h e  

po lymer   s o l u t i o n   hav ing   the  same  c o m p o s i t i o n   as  m e n t i o n e d  

above ,   f l a t   membranes  of  v a r i o u s   t h i c k n e s s e s   were  p r e p a r e d  

in  s u b s t a n t i a l l y   the  same  manner  as  m e n t i o n e d   above .   The 

r e l a t i o n s h i p   between  the  wa t e r   p e r m e a b i l i t y   and  the   t h i c k n e s s   o f  

the   r e s u l t i n g   f l a t   membrane  is  shown  in  F ig .   14.  Each  of  t h e  

thus   o b t a i n e d   f l a t   membranes  had  an  ABC-composed  t h r e e - l a y e r  

s t r u c t u r e .  

C o m p a r a t i v e   Examples   2  and  3 

10  g  o f  a   p o l y s u l f o n e   (Udel)  and  90  g  of  N-methylpyrrol idone 



were  mixed  at  30°C  to  o b t a i n   a  homogeneous  po lymer   s o l u t i o n .  

The  thus   o b t a i n e d   po lymer   s o l u t i o n   was  c a s t   wi th   a  d o c t o r  

b l a d e   onto  a  g l a s s   p l a t e   to  form  a  membrane  of  250  µm 

in  t h i c k n e s s   and  the  membrane  was  then   d ipped   i n t o   w a t e r  

to  e f f e c t   c o a g u l a t i o n .   The  r e s u l t i n g   porous   f l a t   membrane  

had  the  f o l l o w i n g   p r o p e r t i e s :   membrane  t h i c k n e s s ,   100  µm;  

water  permeabi l i ty ,   5  m3/m2·day·am·water  at  25°C;  modulus  o f  

e l a s t i c i t y ,   238  kg/cm2;  t e n s i l e   s t r e n g t h ,   10  k g / c m  

or  l e s s .   The  thus   o b t a i n e d   f l a t   membrane  had  an  AB-composed  

d o u b l e - l a y e r   s t r u c t u r e .  

The  po lymer   s o l u t i o n   hav ing   the  same  c o m p o s i t i o n  

as  m e n t i o n e d   j u s t   above  was  e x t r u d e d   from  an  a n n u l a r   h o l l o w  

f i b e r   s p i n n i n g   n o z z l e   (330  µm)  i n to   an  a i r   s p a c e .   W a t e r  w a s  

employed  as  the  i n t e r n a l   c o a g u l a t i n g   l i q u i d   to  e f f e c t   c o a g u -  

la t ion   of  the  inside  of  the  r e s u l t i n g   e x t r u d a t e .   Thus,  a  hollow  f i b e r  

of  0.75  mm  in  i n n e r   d i a m e t e r ,   1.35  mm  in  o u t e r   d i a m e t e r  

and  0.3  mm  in  membrane  t h i c k n e s s   was  p r e p a r e d .   The  r u n n i n g -  

i n - a i r   d i s t a n c e   was  1.5  cm.  The  r e s u l t i n g   h o l l o w   f i b e r  

had  the  f o l l o w i n g   p r o p e r t i e s :   w a t e r   p e r m e a b i l i t y ,  

5  m 3 / m 2 · d a y · a t m · w a t e r   at  25°C;  b u r s t   s t r e n g t h ,   13  k g / c m 2 ;  

t e n s i l e   s t r e n g t h ,   10  k g / c m  ;   modulus   of  e l a s t i c i t y ,   252  k g / c m 2 .  

The  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   of  a 

c r o s s   s e c t i o n   of  the  thu's  o b t a i n e d  h o l l o w   f iber  membrane   showed  

t h a t   the  hollow  fiber  d id  no t  have   a  f i v e - l a y e r   s t r u c t u r e  

c h a r a c t e r i s t i c   of  the  p r e s e n t   i n v e n t i o n .  



C o m p a r a t i v e   Examples   4  and  5 

20  g  of  a  polysulfone  (Udel)  as  the  polymer  and  80  g  of  d imethyl -  

acetamide  as  the  solvent  were  mixed  to  obtain  a  homogeneous  polymer  s o l u t i o n .  

The  thus   o b t a i n e d   po lymer   s o l u t i o n   was,  at   a  t e m p e r a t u r e  

of  25°C,  c a s t   wi th   a  d o c t o r   b l ade   onto  a  g l a s s   p l a t e   t o  

form  a  membrane  of  350  µm  in  t h i c k n e s s ,   and  the  membrane  

was,  a f t e r   a l l o w e d   to  s t a n d   for   one  m i n u t e ,   d ipped   i n t o  

25°C  wa te r   to  e f f e c t   c o a g u l a t i o n .  

The  r e s u l t i n g   po rous   f l a t   membrane  was  300 pm  in  t h i c k -  

ness  and  0.005  m3/m2·day·atm·water  at  25°C  in  w a t e r   p e r m e a b i l i t y  

and  had  an  ABC-composed  t h r e e - l a y e r   s t r u c t u r e .  

The  po lymer   s o l u t i o n   hav ing   the  same  c o m p o s i t i o n   a s  

m e n t i o n e d   above  was  spun  i n t o   a  h o l l o w   f i b e r  

under   the  same  s p i n n i n g   c o n d i t i o n s   as  m e n t i o n e d   i n  

Example  1.  The  r e s u l t i n g   h o l l o w   f i b e r   was  

0.75  mm  in  i n n e r   d i a m e t e r ,   1.35  mm  in  o u t e r   d i a m e t e r   a n d  

0.3  mm  in  t h i c k n e s s ,   and  had  a  w a t e r   p e r m e a b i l i t y   of  0 . 0 1  

m3/m2·day·atm·water  at  2 5 ° C   a  burst  s t rength  of  21  kg/cm2,   a  

s t r e n g t h   of  55  kg/cm2  and  a  modulus  of  e l a s t i c i t y   of  1521  k g /  

cm2.  The  thus   o b t a i n e d   ho l low  f i b e r   had  an  AoBoCBiAi-  

composed  f i v e r - l a y e r   s t r u c t u r e ,   but   i t   was  not   a  s t r u c t u r e  

c h a r a c t e r i s t i c   of  the   p r e s e n t   i n v e n t o n .   The  i n n e r   v o i d  

l a y e r - t o - o u t e r   void   l a y e r   r a t i o   was  found  to  be  1 . 7 .  



C o m p a r a t i v e   Example  6 

Udel  as  the  p o l y s u l f o n e ,   d i m e t h y l a c e t a m i d e   as  t h e  

s o l v e n t   and  t e t r a e t h y l e n e   g l y c o l   as  the  a d d i t i v e   w e r e  

mixed  in  a  w e i g h t   r a t i o   of  1 0 : 8 1 : 9   to  o b t a i n   a  h o m o g e n e o u s  

polymer   s o l u t i o n .   The  thus   o b t a i n e d   po lymer   s o l u t i o n   was 
c a s t   wi th   a  d o c t o r   b l ade   onto  a  g l a s s   p l a t e   to  form  a  
membrane  and  the  membrane  was,  a f t e r   a l l o w e d   to  s t a n d  

for   one  m i n u t e ,   d ipped   i n to   25°C  wa te r   to  e f f e c t   c o a g u l a t i o n .  

The  r e s u l t i n g   porous   f l a t   membrane  was  300  µm  in  t h i c k n e s s ,  

5  m 3 / m 2 · d a y · a t m · w a t e r   at  25°C  in  water  permeabil i ty ,   215  k g / c m 2 - i n  

modulus   of  e l a s t i c i t y   and  9  kg/cm2  in  t e n s i l e   s t r e n g t h .  
The  r e s u l t i n g   f l a t   membrane  had  an  AB-composed  d o u b l e - l a y e r  
s t r u c t u r e .  

C o m p a r a t i v e   Example  7 

80  ml  of  an  aqueous   50  wt%  sodium  n i t r a t e   s o l u t i o n  

was  i n c o r p o r a t e d   in  a  mixed  s o l v e n t   c o m p r i s e d   o f  

2620  ml  of  d i m e t h y l a c e t a m i d e   and  1300  ml  of  d i m e t h y l -  
s u l f o x i d e ,   and  f u r t h e r ,   750  g  of  a  p o l y s u l f o n e   (Udel)  a s  
employed  in  Example  1  was  d i s s o l v e d   t h e r e i n ,   whereby  a  
homogeneous  po lymer   s o l u t i o n   was  p r e p a r e d .   The  thus   o b t a i n e d  
po lymer   s o l u t i o n   was  spun  i n t o   a  ho l low  f i b e r   s e m i p e r m e a b l e  
membrane  in  s u b s t a n t i a l l y   the  same  manner  as  in  Example  1 .  
The  r e s u l t i n g   ho l low  f i b e r   was  0.75  mm  in  i n n e r   d i a m e t e r ,  
1.35  mm  in  outer  diameter  and  1.0  m3/m2.day.atm.water  at  25°C  in  water  



permeabi l i ty   and  had  a  b u r s t   s t r e n g t h   of  15  kg/cm2,   a  m o d u l u s  

of  e l a s t i c i t y   of  821  kg/cm2  and  a  t e n s i l e   s t r e n g t h   of  30  k g /  

cm2.  The  p r o p o r t i o n   c u t - o f f   of  d e x t r a n   m o l e c u l e s   h a v i n g   a n  

a v e r a g e   m o l e c u l a r   w e i g h t   of  7  x  104  was  48%.  The  r e s u l t i n g  

ho l low   f i b e r   had  an  AoBoCBiAi-composed  f i v e - l a y e r  

s t r u c t u r e ,   but   the  i n n e r   void   l a y e r - t o - o u t e r   void   l a y e r  

r a t i o   was  as  l a r g e   as  1 . 7 .  

The  po lymer   s o l u t i o n   h a v i n g   the  same  c o m p o s i t i o n   a s  

m e n t i o n e d   j u s t   above  was  spun  i n t o   ho l low  f i b e r   m e m b r a n e s  

w i t h   v a r i o u s   membrane  t h i c k n e s s e s .   The  r e l a -  

t i o n s h i p   between  the  water  permeabil i ty   and  the  membrane  t h i c k -  

ness   is  d e s i g n a t e d   by  a  cu rve   - • -   in  F ig .   1 .  

Example  14 

A  p o l y s u l f o n e   (Ude l ) ,   d i m e t h y l a c e t a m i d e   and  t e t r a -  

e t h y l e n e   g l y c o l   were  mixed  in  a  w e i g h t   r a t i o   of  20  :   71  :   9 

to  o b t a i n   a  homogeneous   po lymer   s o l u t i o n .   The  thus   o b t a i n e d  

po lymer   s o l u t i o n   was  spun  i n t o   a  ho l low   f i b e r   u n d e r  

the  same  s p i n n i n g   c o n d i t i o n s   as  m e n t i o n e d   in  Example  1  e x -  

c e p t   t h a t   the   o r i f i c e   d i a m e t e r   of  the   a n n u l a r   s p i n n i n g   n o z z l e  

was  v a r i e d .   Thus,  ho l low   f i b e r  m e m b r a n e s   of  v a r i o u s   o u t e r  

d i a m e t e r s   and  v a r i o u s   membrane  t h i c k n e s s e s   were  o b t a i n e d .  

The  i n n e r   d i a m e t e r   of  each  of  the  r e s u l t i n g   ho l low  f i b e r s  

membranes  was  0.75  mm. 



Each  of  the  r e s u l t i n g   ho l low  f i b e r   membranes  had  a  f i v e -  

l a y e r   s t r u c t u r e   c h a r a c t e r i s t i c   of  the  p r e s e n t   i n v e n t i o n   i n  

which  the  i n n e r   void  l a y e r - t o - o u t e r   void   l a y e r   r a t i o   was  i n  

the  r ange   of  1.0  to  1 .3 ,   and  was  e x c e l l e n t   in  b u r s t   s t r e n g t h ,  

modulus of  e l a s t i c i t y  a n d   t e n s i l e   s t r e n g t h .   The  r e l a t i o n s h i p   b e -  

tween  the  water  permeabil i ty   and  the  membrane  t h i c k n e s s   i s  

d e s i g n a t e d   by  a  c u r v e   -O-  in  Fig .   11.  A  p o l y s u l f o n e   ( U d e l ) ,  

d i m e t h y l a c e t a m i d e   and  t e t r a e t h y l e n e   g l y c o l   were  mixed  in  a  

w e i g h t   r a t i o   of  1 5 : 7 0 : 1 5   to  o b t a i n   a  homogeneous  p o l y m e r  

s o l u t i o n .   The  thus   o b t a i n e d   po lymer   s o l u t i o n   was  spun  i n t o  

h o l l o w   f i b e r s   in  the  same  manner  as  m e n t i o n e d   above .   The 

r e l a t i o n s h i p   between  the  membrane  t h i ckness   and  the  wa t e r   p e r -  

m e a b i l i t y   is  d e s i g n a t e d   by  a  curve   - Δ -  i n   F ig .   l l .  

Examples   15  to  19 

A  p o l y s u l f o n e   (Udel)  as  the  polymer,  t e t r a e t h y l e n e   g l y c o l  

as  the  a d d i t i v e   and  a  s o l v e n t   were  mixed  in  a  w e i g h t   r a t i o   o f  

20:71:9,  thereby  to  obtain  homogeneous  spinning  solut ions .   Each  of  the  so 

obtained  spinning  solut ions  was  spun  into  a  hollow  fiber  under  the  same 

s p i n n i n g   c o n d i t i o n s   as  t h o s e   employed  in  Example  1.  Each  o f  

the  r e s u l t i n g   ho l low  f i b e r s   was  0.75  mm  in  i n n e r   d i a m e t e r   a n d  



1.35  mm  in  o u t e r   d i a m e t e r .   The  p r o p o r t i o n s   c u t - o f f   o f  

d e x t r a n   m o l e c u l e s   h a v i n g   v a r i o u s   a v e r a g e   m o l e c u l a r   w e i g h t s  

were  s u b s t a n t i a l l y   the  same  as  t h o s e   o b t a i n e d   in  Example  1 .  

The  o t h e r   p r o p e r t i e s   of  the   r e s u l t i n g   h o l l o w   f i b e r s   a r e  

shown  in  Table   3.  Each  of  the  r e s u l t i n g   ho l low   f i b e r s   h a d  

a  f i v e - l a y e r   s t r u c t u r e   (Ao  Bo  C  Bi  Ai)  c h a r a c t e r i s t i c   of  t h e  

p r e s e n t   i n v e n t i o n ,   and  the  i n n e r   vo id   l a y e r - t o - o u t e r   v o i d  

l a y e r   r a t i o   was  found  to  be  1.0  to  1 . 3 .  



Examples   20  to  23  and  C o m p a r a t i v e   Example  8 

D i m e t h y l a c e t a m i d e   ( h e r e i n a f t e r   o f t e n   a b b r e v i a t e d   as  "DMAc") 

was  used  as  a  s o l v e n t   for   a  p o l y s u l f o n e   and  t e t r a e t h y l e n e  

g l y c o l   ( h e r e i n a f t e r   o f t e n   a b b r e v i a t e d   as  "TEG")  was  used  as  t h e  

a d d i t i v e .   A  p o l y s u l f o n e   (Udel)  and  DMAc  were  mixed  in  v a r i e d  

we igh t   p r o p o r t i o n s ,   whereby  s p i n n i n g   s o l u t i o n s   wi th   v a r i o u s  

p o l y s u l f o n e   c o n c e n t r a t i o n s   were  p r e p a r e d .   Each  of  the  r e s u l t -  

ing  s p i n n i n g   s o l u t i o n s   was  spun  i n t o   ho l low   f i b e r s   in  s u b s t a n -  

t i a l l y   the  same  manner  as  in  Example  1.  Each  of  the  thus   o b t a i n -  

ed  h o l l o w   f i b e r s   was  0.75  mm  in  i n n e r   d i a m e t e r ,   1.35  mm  in  o u t e r  

d i a m e t e r   and  0.3  mm  in  t h i c k n e s s .   The  p r o p e r t i e s   of  the  t h u s  

o b t a i n e d   h o l l o w   f i b e r s   are  shown  in  Table   4.  Each  of  t h e  

r e s u l t i n g   h o l l o w   f i b e r s   had  an  AoBoC  A i B i -  

composed  f i v e - l a y e r   s t r u c t u r e ,   but   only   the  ho l low   f i b e r   o b t a i n -  

ed  in  C o m p a r a t i v e   Example  8  had  a  C  l a y e r   hav ing   such  a  s m a l l  

t h i c k n e s s   as  2  µm.  F u r t h e r ,   the  C  l a y e r   of  the  h o l l o w   f i b e r  

o b t a i n e d   in  C o m p a r a t i v e   Example  8  was  n o n - u n i f o r m   and  d i s o r d e r s  

were  o b s e r v e d   in  each  o f , t h e   void   l a y e r s   (Bi  l a y e r ,   Bo  l a y e r )  

at   a  p o r t i o n   where  t h e  v o i d   l a y e r   was  c o n t i g u o u s   to  the  C  l a y e r .  

Each  of  the  h o l l o w   f i b e r s   o b t a i n e d   in  Examples   20  to  23  had  a  C 

l a y e r   h a v i n g   a  t h i c k n e s s   of  10  to  70  pm,  which  was  l a r g e r   t h a n  

t h a t   of  the   C  l a y e r   of  the  h o l l o w   f i b e r   o b t a i n e d   in  C o m p a r a t i v e  

Example  8.  F u r t h e r ,   each  of  the  h o l l o w   f i b e r s   o b t a i n e d   i n  

Examples   20  to  23  had  u n i f o r m   polymer   p h a s e s   in  the  vo id   l a y e r s  

and  C  l a y e r ,   and  had  an  i n n e r   void   l a y e r - t o - o u t e r   void   l a y e r   r a t i o  

of  1.0  to  1 . 4 .  



Examples   24  to  29  and  C o m p a r a t i v e   Examples   9  and  10 

A  p o l y s u l f o n e   (Ude l ) ,   DMAc  and  TEG  were  mixed  in  a  

w e i g h t   r a t i o   of  2 0 : 7 1 : 9   to  o b t a i n   a  homogeneous  po lymer   s o l u -  

t i o n .   The  thus   o b t a i n e d   po lymer   s o l u t i o n   was  e x t r u d e d   f r o m  

an  a n n u l a r   s p i n n i n g   n o z z l e .   P u r i f i e d   wa te r   was  used  as  t h e  

i n t e r n a l   and  e x t e r n a l   c o a g u l a t i n g   l i q u i d s   to  e f f e c t   c o a g u l a t i o n  

of  bo th   the  i n s i d e   and  o u t s i d e   of  the   r e s u l t i n g   e x t r u d a t e .  

The  r u n n i n g - i n - a i r   d i s t a n c e   which  is   a  d i s t a n c e   be tween  the   t i p  

of  the   s p i n n i n g   n o z z l e   and  the  s u r f a c e   of  the   e x t e r n a l   c o a g u -  

l a t i n g   l i q u i d   was  v a r i e d .   As  a  r e s u l t ,   po rous   ho l low  f i b e r  

membranes  were  o b t a i n e d .   The  p r o p e r t i e s  

of  the   t h u s   o b t a i n e d   ho l low   f i b e r s   were  examined  and  the  r e s u l t s  

o b t a i n e d   are   shown  in  Table   5.  Each  of  the   ho l low   f i b e r s  

o b t a i n e d   in  Examples   24  to  29  and  C o m p a r a t i v e   Example  9  was  

1.35  mm  in  o u t e r   d i a m e t e r ,   0.75  mm  in  i n n e r   d i a m e t e r   and  0 . 3  

mm  in  t h i c k n e s s .   Each  of  the  ho l low  f i b e r s   thus   o b t a i n e d   h a d  



a  f i v e - l a y e r   s t r u c t u r e   (Ao  B   C  Bi  - A i ) ,   but  the  h o l l o w   f i b e r  

o b t a i n e d   in  C o m p a r a t i v e   Example  9  had  an  i n n e r   void   l a y e r - t o -  

o u t e r   void   l a y e r   r a t i o   of  as  l a r g e   as  2 .0 ,   and  f u r t h e r ,   had  a  

C  l a y e r   hav ing   a  t h i c k n e s s   as  l a r g e   as  82  µm.  In  the  case  o f  

C o m p a r a t i v e   Example  10  in  which  a  too  long  r u n n i n g - i n - a i r  

d i s t a n c e   was  employed ,   the  r e s u l t i n g   membrane  was  not  a  h o l l o w  

f i b e r .   The  C  l a y e r   of  each  of  the  h o l l o w   f i b e r s   o b t a i n e d   i n  

Examples  24  to  29  had  a  t h i c k n e s s   of  5  to  70  µm. 



Examples   30  and  31 

A  s p i n n i n g   s o l u t i o n   h a v i n g   the  same  c o m p o s i t i o n   as  m e n -  

t i o n e d   in  Examples   24  to  29  was  e x t r u d e d   from  an  a n n u l a r   n o z z l e .  

Me thano l   was  used  as  the  i n t e r n a l   and  e x t e r n a l   c o a g u l a t i n g  

l i q u i d s   to  e f f e c t   c o a g u l a t i o n   of  both   the   i n s i d e   and  o u t s i d e   o f  

the   r e s u l t i n g   e x t r u d a t e .   The  r u n n i n g - i n - a i r   d i s t a n c e   was  1 . 5  

cm.  The  thus   o b t a i n e d   h o l l o w   f i b e r   was  0.75  mm  in  i n n e r   d i a -  

me te r   and  1.35  mm  in  o u t e r   d i a m e t e r ,   and  was  e x c e l l e n t   i n  

b u r s t   s t r e n g t h ,   wa t e r   p e r m e a b i l i t y ,   modulus   of  e l a s t i c i t y   a n d  

t e n s i l e   s t r e n g t h .   The  thus   o b t a i n e d   h o l l o w   f i b e r   had  a  f i v e -  

l a y e r   s t r u c t u r e   c h a r a c t e r i s t i c   of  the   p r e s e n t   i n v e n t i o n .  

Whi l e ,   a n o t h e r   h o l l o w   f i b e r   which  was  a l s o   e x c e l l e n t   i n  

b u r s t   s t r e n g t h ,   wa te r   p e r m e a b i l i t y ,   modulus   of  e l a s t i c i t y   a n d  

s t r e n g t h   was  o b t a i n e d   in  the  same  manner  as  m e n t i o n e d   j u s t  

above  e x c e p t   t h a t   wa t e r   was  employed  as  the  e x t e r n a l   c o a g u l a t i n g  

l i q u i d   in  p l a c e   of  m e t h a n o l .   The  thus   o b t a i n e d   h o l l o w   f i b e r   h a d  

a  f i v e - l a y e r   s t r u c t u r e   c h a r a c t e r i s t i c   of  the   p r e s e n t   i n v e n t i o n .  

C o m p a r a t i v e   Example  11 

A  p o l y f u l f o n e   (Ude l ) ,   d i m e t h y l a c e t a m i d e   and  t e t r a e t h y l e n e  

g l y c o l   were  mixed  in  a  w e i g h t   r a t i o   of  2 0 : 6 5 : 1 5   to  o b t a i n   a  

homogeneous   po lymer   s o l u t i o n .   The  r e s u l t i n g   po lymer   s o l u t i o n  

was  e x t r u d e d   from  each  of  h o l l o w   f i b e r   s p i n n i n g   a n n u l a r   n o z z l e s  

d i f f e r ing   in  size.  Water  was  employed  as  the   i n t e r n a l   and  e x t e r n a l  

c o a g u l a t i n g   l i q u i d s   to  e f f e c t   c o a g u l a t i o n   of  both   s i d e s   ( c o a g u -  

l a t i o n   of  both   the  i n s i d e   and  o u t s i d e )   of  the   r e s u l t i n g   e x t r u -  

d a t e .   Thus,  t h e r e   were  o b t a i n e d   h o l l o w   f i b e r s   wi th   v a r i o u s  

t h i c k n e s s e s .   Each  ho l low  f i b e r   had  an  Ao Bo C  Bi  A . - c o m p o s e d  

f i v e - l a y e r   s t r u c t u r e   and  had  an  i n n e r   d i a m e t e r   of  0.75  mm. 



While ,   ho l low   f i b e r s   wi th   v a r i o u s   t h i c k n e s s e s   but  each  h a v i n g  

a  BiAo-composed   d o u b l e - l a y e r   s t r u c t u r e   were  o b t a i n e d   in  t h e  

same  manner  as  m e n t i o n e d   above  e x c e p t   t h a t   wa te r   as  the  i n t e r n a l  

c o a g u l a t i n g   l i q u i d   was  r e p l a c e d   by  a i r .   On  the  o t h e r   h a n d ,  

ho l low  f i b e r s   wi th   v a r i o u s   t h i c k n e s s e s   but  each  hav ing   a n  

AiBo-composed   d o u b l e - l a y e r   s t r u c t u r e   were  o b t a i n e d   in  the  same 

manner  as  m e n t i o n e d   above  e x c e p t   t h a t   wa te r   as  the  e x t e r n a l  

c o a g u l a t i n g   l i q u i d   was  r e p l a c e d   by  a i r .   The  thus   o b t a i n e d  

ho l low   f i b e r s   were  examined  wi th   r e s p e c t   to  the  b u r s t   s t r e n g t h ,  
and  the  r e s u l t s   o b t a i n e d   are   shown  in  Fig .   1 5 .  

Example  32 

D i m e t h y l a c e t a m i d e   (DMAc)  as  the  s o l v e n t ,   t e t r a e t h y l e n e  
g l y c o l   (TEG)  as  the  a d d i t i v e   and  VICTREX  ( t r a d e n a m e   of  a 
p o l y e t h e r   s u l f o n e   m a n u f a c t u r e d   and  so ld   by  ICI  Company,  E n g l a n d )  
c o m p r i s i n g   r e c u r r i n g   u n i t s   r e p r e s e n t e d   by  the  f o r m u l a :  

as  the  po lymer   were  mixed  in  a  w e i g h t  

r a t i o   of  6 5 : 1 5 : 2 0   to  o b t a i n   a  homogeneous  po lymer   s o l u t i o n .  
The  thus   o b t a i n e d   po lymer   s o l u t i o n   was  used  as  the  s p i n n i n g  
s o l u t i o n .   The  s p i n n i n g   s o l u t i o n   was  then   e x t r u d e d   from  a n  
a n n u l a r   ho l low   f i b e r   s p i n n i n g   n o z z l e   (330  pm).  P u r i f i e d   w a t e r  
was  used  as  the  i n t e r n a l   and  e x t e r n a l   c o a g u l a t i n g   l i q u i d s   t o  
e f f e c t   c o a g u l a t i o n   of  both   the  i n s i d e   and  o u t s i d e   of  t h e  
r e s u l t i n g   e x t r u d a t e .   As  a  r e s u l t ,   t h e r e   was  o b t a i n e d   a  p o r o u s  
membrane  in  the  form  of  a  ho l low  f i b e r   hav ing   an  i n n e r   d i a m e t e r  
of  0.75  mm,  an  o u t e r   d i a m e t e r   of  1.35  mm  and  a  membrane  thickness  o f  
0.3  mm.  The  r u n n i n g - i n - a i r   d i s t a n c e ,   which  is  a  d i s t a n c e   b e t -  -  
ween  the  t i p   of  the  s p i n n i n g   n o z z l e   and  the  s u r f a c e   of  t h e  



e x t e r n a l   c o a g u l a t i n g   l i q u i d   was  1.5  cm. 

The  thus   o b t a i n e d   h o l l o w   f i b e r   had  f o l l o w i n g   p r o -  

p e r t i e s :   wa t e r   p e r m e a b i l i t y ,   15  m 3 / m 2 . d a y . a t m . w a t e r   at  25°C;  b u r s t  

s t r e n g t h ,   33  kg/cm2;   modulus   in  t e n s i o n ,   1700  kg/cm2;  t e n s i l e  

s t r e n g t h ,   70  kg/cm2.   The  p r o p o r t i o n s   c u t - o f f   of  d e x t r a n  

m o l e c u l e s   h a v i n g   an  a v e r a g e   m o l e c u l a r   w e i g h t   of  1 x  1 0 4 ,  

4  x  104  and  7  x  104  were  20.0%,  65.0%  and  82.0%,  r e s p e c t i v e l y .  

The  r e s u l t i n g   h o l l o w   f i b e r   had  a  f i v e - l a y e r   s t r u c t u r e  

c h a r a c t e r i s t i c   of  the   p r e s e n t   i n v e n t i o n ,   and  the  i n n e r   v o i d  

l a y e r - t o - o u t e r   void   l a y e r   r a t i o   was  found  to  be  1 . 3 .  

Examples   33  to  44 

Hollow  f i b e r s   were  p r e p a r e d   in  s u b s t a n t i a l l y   t h e  

same  manner  as  in  Example  32  e x c e p t   t h a t   the   kind  of  the   a d d i -  

t i v e   was  v a r i e d .   The  a d d i t i v e s   employed  and  the  p r o p e r t i e s   o f  

the   r e s u l t i n g   h o l l o w   f i b e r s   are  shown  in  Table   6 .  

Each  of  the  thus   o b t a i n e d   h o l l o w   f i b e r s   had  a  f i v e -  

l a y e r   s t r u c t u r e   c h a r a c t e r i s t i c   of  the   p r e s e n t   i n v e n t i o n   and  t h e  

i n n e r   vo id   l a y e r - t o - o u t e r   void   l a y e r   r a t i o   was  found  to  be  1 . 0  

to  1 . 5 .  





Note  1 )  :   Average   m o l e c u l a r   w e i g h t  

2 )  :   P r o p o r t i o n s   c u t - o f f   (%)  of  d e x t r a n   T-10  h a v i n g  
4 an  a v e r a g e   m o l e c u l a r   w e i g h t   of  1  x  104,  d e x t r a n  

T-40  h a v i n g   an  a v e r a g e   m o l e c u l a r   we igh t   o f  

4  x  104  and  d e x t r a n   T-70  hav ing   an  a v e r a g e   m o l e c u l a r  

w e i g h t   of  7  x  104 

3 )  :   Water  p e r m e a b i l i t y   ( m 3 / m 2 · d a y · a t m · w a t e r   at   2 5 ° C )  

C o m p a r a t i v e   Example  12 

The  po lymer   s o l u t i o n   h a v i n g   the  same  c o m p o s i t i o n   a s  

m e n t i o n e d   in  Example  32  was,  at   a  t e m p e r a t u r e   of  25°C,  c a s t  

wi th   a  d o c t o r   b l a d e   o n t o - a   g l a s s   p l a t e   to  form  a  membrane  o f  

400  pm  in  t h i c k n e s s ,   and  the  membrane  was,  a f t e r   a l l o w e d   t o  

s t a n d   for   one  m i n u t e ,   d ipped   i n to   25°C  wa te r   to  e f f e c t   c o a g u -  

l a t i o n .   As  a  r e s u l t ,   t h e r e   was  o b t a i n e d   a  po rous   f l a t   mem- 

b r ane   of  300  µm  in  t h i c k n e s s   and  of  0.001  m 3 / m 2 · d a y · a t m · w a t e r  

at   25°C  in  w a t e r   p e r m e a b i l i t y .   The  r e s u l t i n g   f l a t   membrane  

had  an  ABC-composed  t h r e e - l a y e r   s t r u c t u r e .  

C o m p a r a t i v e   Examples   13  and  14 

10  g  of  a  p o l y e t h e r   s u l f o n e   (VICTREX)  and  90  g  of  N- 

m e t h y l p y r r o l i d o n e   were  mixed  at   30°C  to  o b t a i n   a  h o m o g e n e o u s  

po lymer   s o l u t i o n .   The  thus   o b t a i n e d   po lymer   s o l u t i o n   was  c a s t  

wi th   a  d o c t o r   b l ade   onto  a  g l a s s   p l a t e   to  form  a  membrane  o f  

250  µm  in  t h i c k n e s s   and  the  membrane  was,  a f t e r   a l l owed   t o  

s t and   for   one  m i n u t e ,   then  d ipped   into  25°C  water  to  effect   c o a g u l a -  

t i o n .   The  r e s u l t i n g   porous   f l a t   membrane  had  the  f o l l o w i n g  

p r o p e r t i e s :   membrane  t h i c k n e s s ,   100  µm;  w a t e r   p e r m e a b i l i t y ,  

5  m3/m2·day·atm·water  at  25°C;  modulus  of  e l a s t i c i t y ,   221  k g / c m 2 ;  



t e n s i l e   s t r e n g t h ,   10  kg/cm 2  or  l e s s .   The  thus   o b t a i n e d  

f l a t   membrane  had  an  AB-composed  d o u b l e - l a y e r   s t r u c t u r e .  

The  po lymer   s o l u t i o n   hav ing   the  same  c o m p o s i t i o n   as  m e n -  

t i o n e d   j u s t   above  was  e x t r u d e d   i n t o   an  a i r   space   from  an  annular  hollow 

fiber  spinning  n o z z l e .   Water  was  employed  as  the  i n t e r n a l   c o a g u l a -  

t i n g   l i q u i d   to  e f f e c t   c o a g u l a t i o n   of  the   i n s i d e   of  the   r e s u l t i n g  

e x t r u d a t e .   Thus,   a  ho l low   f i b e r   was  o b t a i n e d .  

The  r e s u l t i n g   h o l l o w   f i b e r   membrane  was  0.75  mm  in  i n n e r  

d i a m e t e r ,   1.35  mm  in  o u t e r   d i a m e t e r ,   0.3  mm  in  t h i c k n e s s   a n d  

5  m 3 / m 2 · d a y · a t m · w a t e r   at  25°C  in water  permeabi l i ty   and  had  a  m o d u l u s  

2  2 of  e l a s t i c i t y   of  323  k g / c m  ,   a  t e n s i l e   s t r e n g t h   of  10  k g / c m  

and  a  b u r s t   s t r e n g t h   of  10  kg/cm2  or  l e s s .   O b s e r v a t i o n   of  a  

c r o s s   s e c t i o n   of  the  r e s u l t i n g   h o l l o w   f i b e r   by  u s i n g   a  s c a n n i n g  

type  e l e c t r o n   m i c r o s c o p e   showed  t h a t   the  r e s u l t i n g   ho l low  f i b e r  

did  not   have  a  f i v e - l a y e r   s t r u c t u r e   c h a r a c t e r i s t i c   of  t h e  

p r e s e n t   i n v e n t i o n .  

C o m p a r a t i v e   E x a m p l e s  1 5   and  16 

20  g  of  a  p o l y e t h e r   s u l f o n e   (VICTREX)  as  the  po lymer   a n d  

80  g  of  d i m e t h y l a c e t a m i d e   as  the  s o l v e n t   were  mixed  to  o b t a i n  

a  homogeneous   po lymer   s o l u t i o n .   The  t hus   o b t a i n e d   p o l y m e r  

s o l u t i o n   was,  at   a  t e m p e r a t u r e   of  25°C,  c a s t   wi th   a  d o c t o r  

b l a d e   onto   a  g l a s s   p l a t e   to  form  a  m e m b r a n e . o f   400  µm  i n  

t h i c k n e s s   and  the  membrane  was,  a f t e r   a l l o w e d   to  s t a n d   for   o n e  

m i n u t e ,   d i p p e d   i n t o   25°C  wa t e r   to  e f f e c t   c o a g u l a t i o n .  

The  r e s u l t i n g   po rous   f l a t   membrane  was  300  µm  in  t h i c k n e s s  

and  0.005  m 3 / m 2 · d a y · a t m · w a t e r   at  25°C  in water  p e r m e a b i l i t y .   The  t h u s  

o b t a i n e d   porous   f l a t   membrane  had  an  ABC-composed  t h r e e -  

l a y e r   s t r u c t u r e .  



By  u s i n g   the  po lymer   s o l u t i o n   hav ing   the  same  c o m p o s i t i o n  

as  m e n t i o n e d   above ,   a  h o l l o w   f i b e r   was  p r e p a r e d   in  the  same 

manner  as  in  Example  32.  The  r e s u l t i n g   h o l l o w   f i b e r  

was  0.75  mm  in  i n n e r   d i a m e t e r ,   1.35  mm  in  o u t e r   d i a m e t e r ,   0.3  mm 

in  t h i c k n e s s ,   0.01  m 3 / m 2 · d a y · a t m · w a t e r   at  25°C  in  wa t e r   p e r m e -  

a b i l i t y   and  30  k g / c m 2 i n   b u r s t   s t r e n g t h .   The  thus   o b t a i n e d  

h o l l o w   f i b e r   had  an  i n n e r   void   l a y e r - t o - o u t e r   v o i d  

l a y e r   ra t io   of  1.7,  and  did  not  have  a  f i v e - l a y e r   s t r u c t u r e   c h a r a c t e -  

r i s t i c   of  the   p r e s e n t   i n v e n t i o n .  

Example  45 

Hol low  f i b e r   membranes  were  p r e p a r e d   in  s u b s t a n t i a l l y   t h e  

same  manner  as  in  Example  32  e x c e p t   t h a t   v a r i o u s   a n n u l a r  

n o z z l e s   were  employed .   Thus,  ho l low   f i b e r   membranes  of  v a r i o u s  

o u t e r   d i a m e t e r s   were  o b t a i n e d .   Each  of  the  thus   o b t a i n e d  

ho l low   f i b e r   membranes  had  an  i n n e r   d i a m e t e r   of  0.75  mm.  The 

r e l a t i o n s h i p   between  the  water  permeabil i ty  and  the  membrane  t h i c k -  

ness   is  shown  in  Fig .   12.  Each  of  the  r e s u l t i n g   ho l low   f i b e r  

membranes  had  a  f ive - layer   s t ruc ture   c h a r a c t e r i s t i c   of  the  present  inven t ion ,  

and  had  an  inner  void  l aye r - to -ou te r   void  layer  ra t io   of  1 . 3 .  

C o m p a r a t i v e   Example  17 

An  aqueous   30%  sodium  s u l f i t e   s o l u t i o n   was  i n c o r p o r a t e d  

in to   490  ml  of  d i m e t h y l s u l f o x i d e   to  o b t a i n   a  h o m o g e n e o u s  

s o l u t i o n .   125  g  of  a  p o l y e t h e r   s u l f o n e   (VICTREX)  was  d i s -  

s o l v e d   in  the  thus   o b t a i n e d   s o l u t i o n ,   whereby  a  po lymer   s o l u t i o n  

was  p r e p a r e d .   The  v i s c o s i t y   of  the  po lymer   s o l u t i o n   was  1 , 9 0 0  

c e n t i p o i s e s ( a t   a  t e m p e r a t u r e   of  20°C).   The  polymer   s o l u t i o n  -  

was  e x t r u d e d   from  an  a n n u l a r   ho l low   f i b e r   s p i n n i n g   n o z z l e   (330µm) .  



Water  was  used  as  the  i n t e r n a l   and  e x t e r n a l   c o a g u l a t i n g   l i q u i d s ,  

whereby  c o a g u l a t i o n   of  both   the  i n s i d e   and  o u t s i d e   of  the  r e s u l t -  

ing  e x t r u d a t e   was  e f f e c t e d .  

The  r e s u l t i n g   ho l low   f i b e r   was  0.75  mm  in  i n n e r   d i a m e t e r ,  

1.35  mm  in  o u t e r   d i a m e t e r ,   2  m 3 / m 2 · d a y · a t m · w a t e r   at  25°C  in water  perme- 

a b i l i t y   and  14  k g / c m   in  b u r s t   s t r e n g t h .   The  p r o p o r t i o n   c u t -  

o f f   of  d e x t r a n   m o l e c u l e s   h a v i n g   a  m o l e c u l a r   we igh t   of  7 0 , 0 0 0  

was  70.0%.  The  r e s u l t i n g   h o l l o w   f i b e r   membrane  had  a  f i v e -  

l a y e r   s t r u c t u r e ,   but  the  i n n e r   void   l a y e r - t o - o u t e r   void   l a y e r  

r a t i o   was  as  l a r g e   as  1 . 7 .  



Examples   46  to  50 

A  p o l y e t h e r   s u l f o n e   (VICTREX),  t e t r a e t h y l e n e   g l y c o l   a n d  

a  s o l v e n t   as  i n d i c a t e d   in  Table   7  were  mixed  in  a  we igh t   r a t i o  

of  20  :   65  :   15  to  o b t a i n   po lymer   s o l u t i o n s .   Each  of  the  t h u s  

o b t a i n e d   po lymer   s o l u t i o n s   was  spun  i n t o   a  ho l low  f i b e r   w h i c h  

was  0.75  mm  in  i n n e r   d i a m e t e r   and  1.35  mm  in  o u t e r   d i a m e t e r   i n  

s u b s t a n t i a l l y   the  same  manner  as  in  Example  3 2 .  

The  p r o p e r t i e s   of  the  so  o b t a i n e d   ho l low  f i b e r s   are  shown 

in  Table   7.  Each  of  the  r e s u l t i n g   ho l low   f i b e r   membranes  h a d  

a  f i v e - l a y e r   s t r u c t u r e   c h a r a c t e r i s t i c   of  the  p r e s e n t   i n v e n t i o n  

and  the  i n n e r   void   l a y e r - t o - o u t e r   void   l a y e r   r a t i o   of  e a c h  

h o l l o w   f i b e r   was  f o u n d . t o   be  in  the  r ange   of  1.0  to  1 . 3 .  



Examples   51  to  54  and  C o m p a r a t i v e   Example  18 

DMAc  was  used  a  s o l v e n t   for   a  p o l y e t h e r   s u l f o n e   and  TEG 

was  used  as  the  a d d i t i v e .   A  p o l y e t h e r   s u l f o n e   and  DMAc  w e r e  

mixed  in  v a r i e d   w e i g h t   p r o p o r t i o n s ,   whereby  s p i n n i n g   s o l u t i o n s  

with  various  polyether  sulfone  concentra t ions   were  prepared.  Each  o f  

the  thus   o b t a i n e d   s p i n n i n g   s o l u t i o n s   was  spun  i n t o   a  h o l l o w  

f i b e r   in  s u b s t a n t i a l l y   the  same  manner  as  in  Example  32.  As 

a  r e s u l t ,   h o l l o w   f i b e r s   each  h a v i n g   an  i n n e r   d i a m e t e r   of  0 . 7 5  

mm,  an  o u t e r   d i a m e t e r   of  1.35  mm  and  a  membrane  t h i c k n e s s   o f  

0.3  mm  were  o b t a i n e d .   The  p r o p e r t i e s   of  each  of  the  r e s u l t i n g  

h o l l o w   f i b e r s   are   shown  in  Table   8.  Each  of  the  ho l low   f i b e r  

membranes  o b t a i n e d   in  Examples   51  to  54  had  a  f i v e - l a y e r   s t r u c -  

t u r e   c h a r a c t e r i s t i c   of  the   p r e s e n t   i n v e n t i o n   and  had  an  i n n e r  

void   l a y e r - t o - o u t e r   void   l a y e r   r a t i o   of  1.0  to  1 .5 .   The 

h o l l o w   f i b e r   o b t a i n e d   in  C o m p a r a t i v e   Example  18  had  a  n o n -  

u n i f o r m   C  l a y e r   of  which  the  t h i c k n e s s   was  as  smal l   as  2  µm. 

F u r t h e r ,   d i s o r d e r s   were  o b s e r v e d   in  each  of  the  void   l a y e r s  

(Bi  l a y e r ,   Bo  l a y e r )   at  a  p o r t i o n   where  the  void   l a y e r   was  

c o n t i g u o u s   to  the  C  l a y e r .   The  C  l a y e r   of  each  of  the  h o l l o w  

f i b e r s   o b t a i n e d   in  Examples   51  to  54  had  a  t h i c k n e s s   of  10  t o  

70  pm,  which  was  l a r g e r   than   t h a t   of  the   ho l low  f i b e r   o b t a i n e d  

in  C o m p a r a t i v e   Example  18.  Each  of  the  ho l low  f i b e r s   o b t a i n e d  

in  Examples   51  to  54  had  u n i f o r m   po lymer   p h a s e s   in  the  v o i d  

l a y e r s   and  C  l a y e r .  



Examples   55  to  60,  C o m p a r a t i v e   Examples  19  and  20 

A  p o l y e t h e r   s u l f o n e   (VICTREX),  DMAc  and  TEG  were  m i x e d  

in  a  w e i g h t   r a t i o   of  2 0 : 7 1 : 9   to  o b t a i n   a  homogeneous  p o l y m e r  

s o l u t i o n .   The  thus   o b t a i n e d   po lymer   s o l u t i o n   was  e x t r u d e d  

from  an  a n n u l a r   n o z z l e .   P u r i f i e d   wa t e r   was  used  as  the  i n t e r n a l  

and  e x t e r n a l   c o a g u l a t i n g   l i q u i d s ,   whereby  c o a g u l a t i o n   of  b o t h  

the  i n s i d e   and  o u t s i d e   of  the  r e s u l t i n g   e x t r u d a t e   was  e f f e c t e d .  

The  r u n n i n g - i n - a i r   d i s t a n c e   which  is  a  d i s t a n c e   be tween   the  t i p  

of  the  s p i n n i n g   n o z z l e   and  the  s u r f a c e   of  the  e x t e r n a l   c o a g u -  

l a t i n g   l i q u i d   was  v a r i e d .   As  a  r e s u l t ,   porous   h o l l o w  

f i b e r   membranes  were  o b t a i n e d .   Each  of  t h e  

r e s u l t i n g   ho l low   f i b e r s   had  an  i n n e r   d i a m e t e r   of  0.75  mm,  a n  

o u t e r   d i a m e t e r   of  1.35  mm  and  a  membrane  t h i c k n e s s   of  0.3  mm. 

The  r e s u l t i n g   ho l low  f i b e r s   were  examined   wi th   r e s p e c t   to  t h e  

p r o p e r t i e s   t h e r e o f ,   and  the  r e s u l t s   o b t a i n e d   are   shown  i n  

Table   9.  Each  of  the  ho l low  f i b e r   membranes  o b t a i n e d   i n  

Examples   55  to  60  had  a  f i v e - l a y e r   s t r u c t u r e   c h a r a c t e r i s t i c  



of  the  p r e s e n t   i n v e n t i o n ,   but   the  h o l l o w   f i b e r   membrane  o b t a i n -  

ed  in  C o m p a r a t i v e   Example  19  had  an  i n n e r   void   l a y e r - t o - o u t e r  

void  l a y e r   r a t i o   of  as  l a r g e   as  2 .0 ,   and  f u r t h e r ,   the   t h i c k n e s s  

of  the  C  l a y e r   of  t h i s   h o l l o w   f i b e r   was  as  l a r g e   as  82  µm.  I n  

the  case   of  C o m p a r a t i v e   Example  20  in  which  a  too  long  r u n n i n g -  

i n - a i r   d i s t a n c e   was  employed ,   the  r e s u l t i n g   membrane  was  n o t  

a  h o l l o w   f i b e r .   The  C  l a y e r   of  each  of  the  ho l low   f i b e r   mem- 

b r a n e s   o b t a i n e d   in  Examples   55  to  60  had  a  t h i c k n e s s   of  5  t o  

70  pm. 



Examples   61  and  62 

A  s p i n n i n g   s o l u t i o n   h a v i n g   the  same  c o m p o s i t i o n   as  men-  

t i o n e d   in  Examples   55  to  60  was  e x t r u d e d   from  an  a n n u l a r  

n o z z l e .   Me thano l   was  used  as  the  i n t e r n a l   and  e x t e r n a l   c o a g u -  

l a t i n g   l i q u i d s ,   whereby  c o a g u l a t i o n   of  the   r e s u l t i n g   e x t r u d a t e  

was  e f f e c t e d .   The  r u n n i n g - i n - a i r   d i s t a n c e   was  1.5  cm.  The 

r e s u l t i n g   ho l low   f i b e r   was  0.75  m  in  i n n e r   d i a m e t e r   and  1 . 3 5  

mm  in  o u t e r   d i a m e t e r ,   and  e x c e l l e n t   in  b u r s t   s t r e n g t h ,   w a t e r  

p e r m e a b i l i t y ,   modulus  of  e l a s t i c i t y   and  t e n s i l e   s t r e n g t h .   The 

h o l l o w   f i b e r   had  a  f i v e - l a y e r   s t r u c t u r e   c h a r a c t e r i s t i c   of  t h e  

p r e s e n t   i n v e n t i o n ,   and  the  i n n e r   void   l a y e r - t o - o u t e r   v o i d  

l a y e r   r a t i o   was  found  to  be  1.0  to  1 . 5 .  

A  h o l l o w   f i b e r   was  p r e p a r e d   in  the  same  m a n n e r  

as  m e n t i o n e d   above  e x c e p t   t h a t   w a t e r   was  employed  as  the  e x -  

t e r n a l   c o a g u l a t i n g   l i q u i d   in  p l a c e   of  m e t h a n o l .   The  t h u s  

o b t a i n e d   h o l l o w   f i b e r   was  e x c e l l e n t   in  b u r s t   s t r e n g t h ,   w a t e r  

p e r m e a b i l i t y ,   modulus  of  e l a s t i c i t y   and  t e n s i l e   s t r e n g t h .   The 

h o l l o w   f i b e r   had  a  f i v e - l a y e r   s t r u c t u r e   c h a r a c t e r i s t i c   of  t h e  

p r e s e n t   i n v e n t i o n ,   and  the  i n n e r   void   l a y e r - t o - o u t e r   void   l a y e r  

r a t i o   was  found  to  be  1.0  to  1 . 5  



BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

Fig.   1  is  a  s c h e m a t i c   d i a g r a m   of  a  c r o s s   s e c t i o n   of  a  

h o l l o w   f i b e r   membrane  of  the  p r e s e n t   i n v e n t i o n   in  which  t h e  

Ao,  Bo,  C,  Bi  and  Ai  l a y e r s   are   i l l u s t r a t e d .  

F ig .   2  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (x  82 

m a g n i f i c a t i o n )   of  a  f r e e z e - b r o k e n   e n t i r e   c r o s s   s e c t i o n   of  a  

h o l l o w   f i b e r   membrane  of  the  p r e s e n t   i n v e n t i o n ,   . s a i d  c r o s s -  

s e c t i o n   b e i n g   t a k e n   a long   the  p l a n e   p e r p e n d i c u l a r : t o   the  f i b e r  

a x i s   of  s a i d   m e m b r a n e .  

F ig .   3  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (x  330 

m a g n i f i c a t i o n )   showing  an  e n l a r g e d   view  o f  a   p o r t i o n   of  t h e  

c r o s s   s e c t i o n   shown  in  F ig .   2 .  

F ig .   4  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (x  1 , 4 0 0  

m a g n i f i c a t i o n )   showing  an  e n l a r g e d   view  of  a  p o r t i o n   of  t h e  

c r o s s   s e c t i o n   shown  in  F ig .   2,  which  p o r t i o n   i n c l u d e s   p a r t  

of  each  of  the   Ai  l a y e r   and  the  Bi  l a y e r .  

F ig .   5  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (x  1 4 , 0 0 0  

m a g n i f i c a t i o n )   of  a  p o r t i o n   of  the   c r o s s   s e c t i o n   shown  i n  

F ig .   2,  which  p o r t i o n   i n c l u d e s   p a r t   of  the   i n n e r   s u r f a c e  

l a y e r ,   i . e . ,   the   Ai  l a y e r .  

F ig .   6  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (x  1 4 , 0 0 0  

m a g n i f i c a t i o n )   of  a  p o r t i o n   of  the   c r o s s   s e c t i o n   shown  i n  

Fig .   2  which  p o r t i o n   i n c l u d e s   p a r t   of  the   o u t e r   s u r f a c e   l a y e r ,  

i . e . ,   the   Ao  l a y e r  

F ig .   7  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (x  190 

m a g n i f i c a t i o n )   of  a  p o r t i o n   of  the  f r e e z e - b r o k e n ,   o b l i q u e  

c r o s s   s e c t i o n   of  a  ho l low  f i b e r   of  the  p r e s e n t   i n v e n -  

t i o n ,   s a id   p o r t i o n   c o r r e s p o n d i n g   to  the  e n c i r c l e d   p o r t i o n   o f  

a  d i a g r a m   g iven   below  the  p h o t o g r a p h .  



Fig.   8  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h   (x  1 , 4 0 0  

m a g n i f i c a t i o n )   of  a  p o r t i o n   of  the  c r o s s   s e c t i o n   shown  i n  

Fig .   2,  which  p o r t i o n   i n c l u d e s   p a r t   of  the  i n t e r m e d i a t e   l a y e r  

(C  l a y e r ) .  

F ig .   9  is  a  s c a n n i n g   e l e c t r o n   m i c r o p h o t o g r a p h  

(x  14 ,000   m a g n i f i c a t i o n )   showing  an  e n l a r g e d   view  of  t h e  

p o r t i o n   shown  in  F ig .   8 .  

F ig .   10  is  composed  of  c u r v e s   showing  the  r e l a t i o n s h i p  

be tween   the  r a d i u s   of  the   Cp  pore   and  the  d i s t a n c e   from  t h e  

i n n e r   s u r f a c e   and  o u t e r   s u r f a c e   of  a  ho l low  f i b e r .  

F ig .   11  is  composed  of  g r a p h s   showing  the  r e l a t i o n s h i p  

b e t w e e n   the  w a t e r   p e r m e a b i l i t y   and  the   membrane  t h i c k n e s s .  

The  g r a p h s   were  o b t a i n e d   from  the  da t a   on  a r o m a t i c   p o l y s u l f o n e  

h o l l o w   f i b e r   membranes  o b t a i n e d   by  the  p r o c e s s   of  the  p r e s e n t  

i n v e n t i o n   and  on  a r o m a t i c   p o l y s u l f o n e   h o l l o w   f i b e r   m e m b r a n e s  

o b t a i n e d   in  the  C o m p a r a t i v e   E x a m p l e .  

F ig .   12  is  a  g raph   showing  the  r e l a t i o n s h i p   be tween   t h e  

w a t e r   p e r m e a b i l i t y   and  the  membrane  t h i c k n e s s .   The  g r a p h  

was  o b t a i n e d  f r o m   the  d a t a   on  a r o m a t i c   p o l y e t h e r   s u l f o n e   h o l l o w  

f i b e r   membranes  of  the   p r e s e n t   i n v e n t i o n .  

F ig .   13  is  composed  of  c u r v e s   showing  the   r e l a t i o n s h i p s  

be tween   the  w a t e r   p e r m e a b i l i t y   and  the  b u r s t   s t r e n g t h   and  t h e  

t h i c k n e s s   of  the  intermediate  layer.  The  curves  were  obtained  from  t h e  

d a t a   on  h o l l o w   f i b e r   membranes  of  the   p r e s e n t   i n v e n t i o n .  

F ig .   14  is  a  graph  showing  the  r e l a t i o n s h i p   be tween   t h e  

w a t e r   p e r m e a b i l i t y   and  the  t h i c k n e s s .   The  g raph   was  o b t a i n e d  

from  the   da t a   on  an  ABC-composed  f l a t   m e m b r a n e .  

F ig .   15  is  composed  of  g r aphs   showing  the  r e l a t i o n s h i p  

be tween   the  b u r s t   s t r e n g t h   and  the  t h i c k n e s s ,   s a id   g r a p h s  



were  o b t a i n e d   from  the  d a t a   on  a  h o l l o w   f i b e r   membrane  of  a n  

AoBoCBiAi-composed   f i v e - l a y e r   s t u r c t u r e ,   a  ho l low   f i b e r  

membrane  of  a  A-B  s t r u c t u r e   and  a  h o l l o w   f i b e r   membrane  of  a  

B-A  s t r u c t u r e .  

F ig .   16  is  a  p e r s p e c t i v e   d i a g r a m   of  a  s i n g l e   u n i t   of  t h e  

Cp  pore   s t r u c t u r e   of  the   i n t e r m e d i a t e   l a y e r   of  a  h o l l o w   f i b e r  

a c c o r d i n g   to  the  p r e s e n t   i n v e n t i o n ,   shown  in  c o m p a r i s o n   w i t h  

t h a t   of  a  c o n v e n t i o n a l   h o l l o w   f i b e r ,   in  which  (A)  shows  t h a t  

of  a  h o l l o w   f i b e r   of  the  p r e s e n t   i n v e n t i o n   and  (B)  shows  t h a t  

of  a  c o n v e n t i o n a l   h o l l o w   f i b e r .  



PROBABILITY  OF  UTILIZATION  IN  INDUSTRY 

The  a r o m a t i c   p o l y s u l f o n e   type   r e s i n   ho l low  f i b e r   membrane  

of  the   p r e s e n t   i n v e n t i o n   is  c a p a b l e   of  p a s s i n g   t h e r e t h r o u g h  a  

g l o b u l a r   p r o t e i n   h a v i n g   a  m o l e c u l a r   w e i g h t   of  l e s s   than   1 3 , 0 0 0 ,  

but   i n c a p a b l e   of  p a s s i n g   t h e r e t h r o u g h   s u b s t a n c e s   hav ing   m o l e -  

c u l a r   w e i g h t s   l a r g e r   than   the  m e n t i o n e d   above ,   such  a s  

a l b u m i n ,   g l o b u l i n   c o n t a i n e d   in  body  f l u i d ,   py rogen   s u b s t a n c e s ,  

b a c t e r i a   ( 1 - 2   µm),  y e a s t   (  2 - 4   µm)  and  c a u s a t i v e   v i r u s e s   o f  

d i s e a s e s   (  m o l e c u l a r   w e i g h t  :   2 , 4 0 0 , 0 0 0 ) .   A c c o r d i n g l y ,   t h e  

h o l l o w   f i b e r   membrane  of  the  p r e s e n t   i n v e n t i o n   has  a  w i d e  

v a r i e t y   of  p r o s p e c t i v e   u s e s ,   and  can  a d v a n t a g e o u s l y   be  u s e d  

for   r emova l   of  p y r o g e n   s u b s t a n c e s   from  the  p a r e n t e r a l   s o l u t i o n  

or  from  the   i n f u s i o n   solut ion,   preparat ion  of  the  abso lu t e ly -pu r i f i ed   wa te r  

and  c o n c e n t r a t i o n   of  p r o t e i n s .   The  ho l low   f i b e r   membrane  o f  

the  p r e s e n t   i n v e n t i o n   can  a d v a n t a g e o u s l y   be  used  e s p e c i a l l y  

in  the  a p p l i c a t i o n s   where  the  membrane  is  r e q u i r e d ,   b e f o r e   i t  

is  used  for   s e p a r a t i o n   and  p u r i f i c a t i o n   of  s u b s t a n c e s ,   to  b e  

r e p e a t e d l y   s u b j e c t e d   to  s t e r i l i z a t i o n   under   h igh   t e m p e r a t u r e s ,  

s t e r i l i z a t i o n   w i th   a c i d ,   a l k a l i   or  the  l i k e ,   such  as  s e p a r a -  

t i o n   and  p u r i f i c a t i o n   of  m e d i c a l   p r o d u c t s   or  food  s t u f f s   o r  

p r e p a r a t i o n   of  the  a b s o l u t e l y - p u r i f i e d   w a t e r .  



1.  An  a r o m a t i c   p o l y s u l f o n e   type   r e s i n   h o l l o w   f i b e r   mem- 

b r ane   h a v i n g   a  t h i c k n e s s   of  100  to  600  pm  and  a  f i v e - l a y e r  

s t r u c t u r e   of  an  o u t e r   s u r f a c e   l a y e r ,   an  o u t e r   void   l a y e r ,   a n  

i n t e r m e d i a t e   l a y e r ,   an  i n n e r   void   l a y e r   and  an  i n n e r   s u r f a c e  

l a y e r   and  w h e r e i n   s a i d   i n n e r   and  o u t e r   void   l a y e r s   are   p r e s e n t  

in  a  t h i c k n e s s   r a t i o   of  t h e  i n n e r   void   l a y e r   to  the  o u t e r   v o i d  

l a y e r   of  1.5  to  0 . 6 ,   and  s a i d   i n t e r m e d i a t e   l a y e r   has  a  t h i c k n e s s  

of  5  to  70  µm  and  an  a v e r a g e   pore   d i a m e t e r   of  0.1  to  9  µm,  s a i d  

h o l l o w   f i b e r   membrane  h a v i n g   a  c u t - o f f   m o l e c u l a r   we igh t   o f  

13 ,000   or  l e s s .  

2.  A  h o l l o w   f i b e r   membrane  a c c o r d i n g   to  c l a im   1,  w h e r e -  

in  s a i d   i n n e r   and  o u t e r   vo id   l a y e r s   a re   p r e s e n t   in  a  t h i c k n e s s  

r a t i o   of  s a id   i n n e r   void   l a y e r   to  s a id   o u t e r   vo id   l a y e r   of  1 . 4  

to  1 . 0 .  

3.  A  p r o c e s s   fo r   p r o d u c i n g   an  a r o m a t i c   p o l y s u l f o n e   t y p e  

r e s i n   h o l l o w   f i b e r   membrane  c o m p r i s i n g   the  s t e p s   of  e x t r u d i n g  

i n t o   an  a i r   space   a  s p i n n i n g   s o l u t i o n   of  an  a r o m a t i c   p o l y s u l f o n e  

type   r e s i n   in  an  organic  polar  solvent  for  said  res in ,   s a id   s o l u t i o n  

c o n t a i n i n g   a  g l y c o l   and  h a v i n g   a  r e s i n   c o n c e n t r a t i o n   of  f r o m  

15  to  35%  by  w e i g h t ,   from  an  a n n u l a r   s p i n n i n g   n o z z l e   which  i s  

p r o v i d e d   wi th   a  p o l y m e r - e x t r u d i n g   a n n u l a r   o r i f i c e   hav ing   an  o r i -  

f i c e   w id th   of  from  110  to  700  pm  as  m e a s u r e d   on  the  p o l y m e r -  

e x t r u d i n g   s i de   of  the  n o z z l e   to  o b t a i n   an  e x t r u d a t e   in  the  f o r m  

of  a  h o l l o w   f i b e r ,   a l l o w i n g   the  thus   o b t a i n e d   e x t r u d a t e   to  r u n  

0.1  to  30  cm  in  the  a i r   space   whi le   s i m u l t a n e o u s l y   i n j e c t i n g   a s  



i n t e r n a l   c o a g u l a t i n g   l i q u i d   c o m p r i s i n g   a  l i q u i d   m i s c i b l e   w i t h  

s a i d   o r g a n i c   p o l a r   s o l v e n t   but   i n c a p a b l e   of  d i s s o l v i n g   the  p o l y -  

s u l f o n e   type   r e s i n   i n t o   the   a n n u l a r   s p i n n i n g   n o z z l e   at   a n  

i n s i d e   bore   t h e r e o f ,   and  s u b s e q u e n t l y   i n t r o d u c i n g   sa id   e x t r u d a t e  

i n t o   a  c o a g u l a t i n g   l i q u i d   ba th   c o m p r i s i n g   a  l i q u i d   m i s c i b l e  

w i th   s a i d   o r g a n i c   p o l a r   s o l v e n t   but   i n c a p a b l e   of  d i s s o l v i n g   t h e  

p o l y s u l f o n e   t ype   r e s i n .  

4.  A  p r o c e s s   a c c o r d i n g   to  c l a im   4,  w h e r e i n   s a i d  

i n t e r n a l   c o a g u l a t i n g   l i q u i d   is  the   same  as  s a id   c o a g u l a t i n g  

l i q u i d   b a t h .  

5.  A  p r o c e s s   a c c o r d i n g   to  c l a im   4,  w h e r e i n   the   g l y c o l   i s  

a  member  s e l e c t e d   from  the  group  c o n s i s t i n g   of  e t h y l e n e   g l y c o l ,  

p r o p y l e n e   g l y c o l   and  a  m i x t u r e   t h e r e o f .  
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